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Abstract

Background Biochar-based  fertilizer = products
(BCF) have been reported to increase both crop
yield and N-use efficiency. Such positive effects are
often assumed to result from the slow-release of
N adsorbed on BCF structures. However, a careful
review of the literature suggests that actual mecha-
nisms remain uncertain, which hampers the develop-
ment of efficient BCF products.
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Scope Here, we aim at reviewing BCF mechanisms
responsible for enhanced N uptake by plants, and
evaluate the potential for further improvement. We
review the capacity of biochar structures to adsorb
and release N forms, the biochar properties support-
ing this effect, and the methods that have been pro-
posed to enhance this effect.

Conclusions Current biochar products show insuf-
ficient sorption capacity for the retention of N forms
to support the production of slow-release BCFs of
high enough N concentration. Substantial slow-
release effects appear to require conventional coat-
ing technology. Sorption capacity can be improved
through activation and additives, but currently not
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to the extent needed for concentrated BCFs. Positive
effects of commercial BCFs containing small amount
of biochar appear to result from pyrolysis-derived
biostimulants. Our review highlights three prospects
for improving N retention: 1) sorption of NH; gas on
specifically activated biochar, 2) synergies between
biochar and clay porosities, which might provide eco-
nomical sorption enhancement, and 3) physical load-
ing of solid N forms within biochar. Beyond proof of
concept, quantitative nutrient studies are needed to
ascertain that potential future BCFs deliver expected
effects on both slow-release and N use efficiency.

Keywords Biochar - Biochar based fertilizer -
Fertilizer - Ammonium - Sorption - Slow release

Abbreviations

BCF Biochar-based Fertilizer
BC Biochar

BCac Activated Biochar
BCun Unmodified biochar
BCen Enhanced biochar

N Nitrogen

P Phosphorus

K Potassium

S Sulphur

CEC Cation Exchange Capacity
AEC  Anion exchange capacity
NUE Nitrogen Use Efficiency
SOM  Soil Organic Matter

DOC Dissolved Organic Carbon
Ammonium

NO;~ Nitrate

The rationale for making biochar fertilizers

Biochar is the method for increasing soil carbon
sequestration that appears to have the most positive
interactions with the N cycle, as it tends to reduce
N,O emissions and does not require the immobili-
zation of N to build stable C in soils (Guenet et al.
2021). The main rationale for making biochar-based
fertilizers (BCF) is that positive interactions between
nutrients and biochar in soils can be enhanced
through application as a combined product. Retaining
nutrients in soils in a plant-available form is consid-
ered a key property of biochar amendments (Lehmann
2007). Two decades ago, the highly fertile Terra
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Preta of the Amazonas were found to contain excep-
tionally high charcoal contents (Glaser et al. 2001).
Charcoal was later proven to be a major component
of the nutrient sorption capacity of certain soil types
(Mao et al. 2012). These observations suggested that
adding biochar to soil could substantially enhance
the retention of plant-available nutrients. Biochar-
mediated retention and release could in part explain
the reported increases in nutrient use efficiency (Chen
et al. 2019; Shi et al. 2020, 2022; Zhang et al. 2016;
Zheng et al. 2013), decreases in NO;™ leaching (Bor-
chard et al. 2019; Chen et al. 2019; Liu et al. 2019a;
Zheng et al. 2013) and decreases in N,O emissions
(Borchard et al. 2019; He et al. 2017). These positives
effects are expected to be greater when nutrients are
loaded onto biochar surfaces prior to soil applica-
tion using BCF technology, and the rationale for this
is two-fold. First, in BCF all nutrients are interacting
with the biochar surfaces, while nutrients applied to
biochar-amended soil have more limited chances
for interaction, notably as the distribution of bio-
char ploughed into soil can be quite heterogeneous
(O’Toole et al. 2018). Second, nutrient loading onto
fresh biochar can be largely enhanced when biochar
is intimately mixed with nutrient sources, heated and/
or exposed to varying moisture conditions, such as
during composting (Hagemann et al. 2017b; Hage-
mann et al. 2017c; Joseph et al. 2013; Kammann et al.
2015). Such observations suggest that nutrients could
be efficiently bound to biochar prior to soil applica-
tion. How to do this is a key question, and a central
theme of the present paper.

Multiple methods have been used to create BCFs,
most of this work being conducted in the last dec-
ade. The difficulty in describing and classifying these
methods partly comes from the multiple steps and
choices to be made when developing a BCFs (Fig. 1).
BCFs are composed of 2 to 3 categories of ingredi-
ents: 1) biomass feedstock, 2) additives, mostly in
the form of clay, minerals and organic substrates, 3)
nutrient sources of organic or mineral origin. In addi-
tion, activation products can be used, with some of
them, such as phosphoric acid, contributing directly
to the composition of the BCF (e.g. Carneiro et al.
(2018)). These multiple ingredients are combined
through a series of successive treatments involving
at least two of the following: 1) pyrolysis, including
co-pyrolysis with additives, 2) activation of untreated
biochar (BCun) with e.g. acids, oxidizers or steam to
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Fig. 1 Simplified representation of BCF production processes, where BCun, BCan and BCen are biochar that are untreated, acti-
vated and enhanced, respectively. Material types are in squares, processes in ellipses

obtain activated biochars (BCac), 3) mixing of BCun
or possibly BCac with additives, to obtain enhanced
biochars (BCen) and 4) loading of nutrients onto the
BCac or BCen to obtain the BCFs. The mixing and
loading phases are sometimes combined as biochar,
binding additives and nutrient sources are mixed
together.

The simplest method for creating a BCF consists
of creating a BCun from a feedstock and loading
it through mixing in a nutrient solution. Examples
of such methods include soaking BCun in a pure
nutrient solution such as urea (Magrini-Bair et al.
2009) or NH,* in a synthetic form (Cui et al. 2016;
Gai et al. 2014; Hale et al. 2013) or the BC can be
applied to a more complex organic residue such as
manure or digestate (Kizito et al. 2015; Kocatiirk-
Schumacher et al. 2017b; Kocatiirk-Schumacher
et al. 2019). In order to directly increase nutrient
retention of the BC, activation steps have been used
with some success (Huff et al. 2018). Studies have
also explored the addition of additives to the BC in
order to increase binding and retention of nutrients,
such as bentonite clays and organic binders (Joseph
et al. 2013). These additives can be added pre- or
post-pyrolysis with pre-pyrolysis application hav-
ing the advantage that the addition can also result in
catalysis of the pyrolysis process (Chen et al. 2017;
Qian et al. 2014) but with the potential disadvan-
tage that the properties of the additive can be nega-
tively affected (Ismadji et al. 2016). The final mix-
ing and loading of nutrients onto the BCF has often
been made through physical blending (Puga et al.
2020; Shi et al. 2020) and co-torrefaction (Joseph
et al. 2015; Nielsen et al. 2014; Ye et al. 2016).
When manure solutions are used, mixing with min-
erals followed by heat treatment has been tested in

order to ensure a reaction between the BC surface
and the additive (Chia et al. 2010; Chia et al. 2014;
Lin et al. 2013).

The examples provided above illustrate the diver-
sity of methods used to produce BCFs, and we will
further explore their diversity and significance as we
link them to mechanisms in this review. The multi-
ple approaches presented above do not represent a
chronological development of the technology. For
example, producing more efficient BCFs through
the use of clays as additive was already reported
in 2010 (Joseph et al. 2010). The industrialization
of BCF was firstly initiated in 2012 in China and
reached commercial scale by 2017, largely based on
conventional steam blending of biochar with min-
eral urea, phosphate and potassium chloride (Pan
et al. 2017; Sun et al. 2018).

The development of BCFs so far appears to
have been largely empirical, based on trial and
error. Many studies have attempted to justify their
approach, often a posteriori, by invoking elements
of theory such as e.g. sorption and slow release
effects as they relate to physico-chemical properties
of the composite BCF material. Some elements of
theories are well documented, others remain more
hypothetical. The magnitude of the reported effects,
such as an increase in N use efficiency, has rarely
been discussed in light of the theoretical poten-
tial of the corresponding BCF-production method.
In order to guide product design, we need a better
understanding of the mechanisms controlling nutri-
ent loading and release, especially that of N. In the
present study, we review and evaluate these crucial
elements and their implications in terms of produc-
ing BCFs large-scale implementation of biochar in
agriculture.
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Conditions for BCFs to be actual fertilizers

To define a biochar product as a BCF it must meet
the agreed upon definition of a fertilizer. The Inter-
national Organization for Standardization (ISO)
defines fertilizer as “a substance that contains one
or more recognized plant nutrient(s), which is used
for its plant nutrient content and is designed for use
or claimed to have value in promoting plant growth”
(ISO 2015). According to this definition, BCFs can
be defined as fertilizers if they contain nutrients;
however, ISO also indicates that the nutrient content
of the fertilizer should meet the law or regulation of
each country or region. In the European Union (EU),
a new implementing regulation (EU 2019/2164) on
organic production and labelling of organic products
has been in force since 2020. According to the new
regulation, biochar is defined as a “pyrolysis prod-
uct made from a wide variety of organic materials of
plant origin” and is listed in Annex I as an author-
ized fertilizer. This means that biochar can be used
in Europe in organic farming as a fertilizer/soil con-
ditioner. However, it is still not yet authorized as an
EU fertilizing product according to EU Regulation
2019/1009 for making fertilizers available on the
internal market. This is expected to change in the
coming years as the Regulation obliges the Euro-
pean Commission to assess struvite, biochar and
ash-based products (STRUBIAS) and biochar to be
included as a new component material category in
an extended Annex II.

In this regulation, the requirements for several
fertilizing product categories are set out. Table 1
summarizes the requirements and contaminant
limits for possible fertilizer and soil improver cat-
egories for biochar fertilizers according to EU Reg-
ulation 2019/1009, if they were listed as authorized
fertilizers.

In China, biochar based fertilizers (NY/T
3041-2016, Ministry of Agriculture China) and
biochar based organic fertilizer (NY/T 3618-2020,
Ministry of Agriculture China) are currently (in
2021) authorized for use in agriculture. As a key
ingredient (at least of 5% stable carbon) in such
fertilizers, biochar is defined as the solid residue
rich in stable organic carbon obtained via oxygen-
limited pyrolysis of crop residues at a temperature
range of 400 °C — 700 °C. Minimum content of
major nutrients of N, P,O5 and K,O is 20% (corre-
sponding to 12.3% of N + P + K) for biochar based
fertilizers and 5% for biochar based organic ferti-
lizers, while heavy metals and organics must meet
guideline values regulated for fertilizers (Table 2).
However, these values are still in debate and need
to be updated. Production of biochar and biochar
fertilizers are nationally authorized and regulated
for development in rural industry in conjunction
with poverty reduction in undeveloped areas with
plenty of biomass feedstocks, and for use in eco-
logical farming, soil improvement and restoration
(GB/Z 39121-2020, China State Agency of Mar-
ket Supervision and Administration 2020).

Table 1 An overview of requirements and contaminant limits for possible fertilizer and soil improver categories for biochar fertiliz-

ers according to EU Regulation 2019/1009

Categories Min content in solid Max contaminant limits

form (% by mass) (mg kg~! dry matter)

Corg N Cd* Cr Hg Ni Pb As Cu Zn
Fertilizers
Organic 15 25 1.5 2 1 50 120 40 300 800
Organo-mineral 7.5 2 3 2 1 50 120 40 600 1500
Inorganic macronutrient 1 10%* 3 2 1 100 120 40 600 1500
Soil improvers
Organic soil improver 7.5 n/a 1.5 2 1 50 120 40 300 800
Inorganic soil improver n/a n/a 1.5 2 1 100 120 40 300 800

*Max limit for Cd concentration depends on the P content of the fertilizer

**Minimum N content of a straight solid inorganic macronutrient fertilizer, which contains only one declared macronutrient (N)
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Table 2 Requirements and contaminant limits regulated for biochar based fertilizer and organic fertilizer respectively with NY/T

3041-2016 and NY/T 3618-2020, Ministry of Agriculture China

Categories Min content in solid form (% by mass) Max contaminant limits
(mg kg! dry matter)

Char C* N+ P,0+K,0° Cd Cr Hg Pb As
Biochar based Fertilizer
Type 1 9 20 10 500 5 150 50
Type 11 6 30 10 500 5 150 50
Biochar based organic fertilizer
Type 1 10 3 150 2 50 15
Type I 5 3 150 2 50 15

Char C is measured with CNS Elemental Analyzer after water extraction

These chemical forms are used per convention only and values should be multiplied by 0.62 to obtain actual sums of elements

N+P+K

Reported effects on plants

A number of pot and field studies have tested the
effects of BCFs on plant growth, but these are com-
paratively few compared to the number of trials test-
ing pure biochar. In Fig. 2 (and Tables S1), we sum-
marize the main results from 40 BCF observations
from 19 studies and report the percentage change in
yield of BCFs compared to a fertilized control. Our
analysis excludes studies where biochar and fer-
tilizer were added separately to a soil without prior
blending. Average plant yield increased by 17%
with BCFs as compared to fertilized control, with a
standard deviation of 23%. This value is similar to
the 15% yield increase reported for biochar and fer-
tilizer applications compared to fertilizer controls in
the meta-analysis of Ye et al. (2020), although their
review was not limited to blended applications. The
high variability of the response reflects the diversity
of 1) biochars used in the BCF, 2) production meth-
ods and 3) experimental conditions in terms of plant
species and soil types. The studies used in Fig. 2
span a range of formulation methods and ingredients
including: 1) torrefaction of biochar with clay, min-
erals, inorganic and organic fertilizers; 2) mixing and
incubation of biochar with liquid manures, digestate
or urine; 3) physical blending of biochar with inor-
ganic fertilizers, including heat treatment of the mix-
ture for improved bonding and coating methods. A
full list of data from the studies are included in sup-
plementary information (Table S1) and a summary of
chemical properties of BCFs averaged across multiple

studies are given in Table 3. Here we see that the C
content of BCFs is approximately half that of pure
biochar, the latter ranging from 60 to 90%. In these
studies, the BCFs were enriched in N, P, K, and dis-
played a high pH and a low surface area, the latter
probably due to coating or filling of pores with clay
and fertilizer (Table 3).

Mechanisms responsible for stimulation of plant
yield by BCFs are still under investigation, but in
summary the majority of studies stated either a slow
release effect or increased N use efficiency (NUE),
which they partly attributed to: 1) pH-change effects
on microbial communities (Nielsen et al. 2014), 2)
increased root growth and N uptake (Liu et al. 2020b;
Shi et al. 2020; Xiang et al. 2017), 3) increased myc-
orrhizal root colonization (Blackwell et al. 2015), 4)
increased physical retention of dissolved nutrients and
reduced leaching (El Sharkawi et al. 2018; Schmidt
et al. 2017; Schmidt et al. 2015; Shi et al. 2020; Wen
et al. 2017), 5) increased nitrification (Liao et al.
2020), 6) improved redox conditions and changes in
abundance of growth promoting micro-organisms
(Chew et al. 2020), 7) increased P and K availability
(Farrar et al. 2019), and 8) slower diffusion of NH,*
and NO;™ to soil solution (Liao et al. 2020).

A number of studies reported increases in NUE
but did not suggest responsible mechanisms (Joseph
et al. 2015; Qian et al. 2014; Yao et al. 2015). On
average, nutrient use efficiency increased by 34% +27
(n=5). While most of the experiments are controlled
with respect to N amounts, it is difficult to simulta-
neously control for P and K as well, especially when
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Fig. 2 Mean+SD Crop yield change with BCF compared to
a fertilized control, grouped by BCF N source and whether
clay was an ingredient (outliers excluded). Based on studies:
Zheng et al. (2017), Ye et al. (2020), Yao et al. (2015), Wen
et al. (2017), Shi et al. (2020), Qian et al. (2014), Puga et al.
(2020), Nielsen et al. (2014), Magrini-Bair et al. (2009), Liao

Table 3 Chemical properties of BCFs averaged across multi-
ple studies. n is number of studies, SA is surface area

n=14 n=6

C%) N P®% K@% pH SA (m? g™h)
35.25 8.18 5.18 6.17 7.85 6.33

using digestate and other P and K-rich organic ferti-
lizers. Urea was used in 88% of formulations where
biochar was combined with mineral N fertilizer. In
general, clay was included as an ingredient in 71% of
the BCF formulations reported, suggesting that inter-
actions between biochar and clay may play a key role
in potential yield benefits, as will be later discussed in
this review.
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et al. (2020), Kocatiirk-Schumacher et al. (2019), Joseph
et al. (2015), Gonzalez et al. (2015), Farrar et al. (2019), El
Sharkawi et al. (2018), Chew et al. (2020), Blackwell et al.
(2015), Schmidt et al. (2017) [NPK treatment], Liao et al.
(2020). (outliers excluded — Schmidt et al. (2015) [306%+],
Schmidt et al. (2017) [123%+]

The theory of N-efficient BCFs

Nitrogen use efficiency is defined as the ratio between
N outputs in harvested products over total field N
inputs (Zhang et al. 2015). Improvements in ferti-
lizer technology are key to increase NUE (Fageria
and Baligar 2005), and it has been reported that BCFs
increase NUE compared to soluble mineral fertilizers
(Chen et al. 2019; Shi et al. 2020; Zeng et al. 2013).
This is an important incentive for the development of
BCEF products.

Effects of BCF on N-use efficiency, as com-
pared to that of mineral fertilizer, are summa-
rized in Fig. 3. The difference between N inputs
and outputs, also referred to as the N surplus, is
either stored in the soil or lost from the soil sys-
tem. When stored in the soil, the N surplus can
contribute to SOM build-up (Soussana et al.
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Fig. 3 Possible effects of BCF vs. mineral fertilizer on the N-fluxes in an agricultural field. General effects of biochar as soil
improvement are not considered as they are not specific to BCF products

2017; van Groenigen et al. 2017). However, in the
absence of a SOM management strategy, loss can
predominate (Zhang et al. 2015). The efficiency
of mineral N fertilizers is limited both by gaseous
losses of N,, N,O and NH; and by leaching losses,
predominantly as NO,;~ (Xiang et al. 2020). Bio-
char-induced reductions in N,O losses can result
from a higher proportion of NO;~ being converted
to N, as compared to N,O (Harter et al. 2013;
Weldon et al. 2019), meaning that reductions in
N,O emission do not necessarily indicate a reduc-
tion in gaseous N loss. By contrast, runoff and
leaching losses of N have been hypothesized early
on to be drastically reduced by biochar products
(Magrini-Bair et al. 2009). Enhancement of root
growth by BCF application is an additional factor
that might contribute to improved N capture and
retention in soils (Yan et al. 2020).

Increase in NUE with BCF has largely been
attributed to a putative slow-release effect that bio-
char matrices have on N fertilizers (Cai et al. 2016;
Dong et al. 2019; Ibrahim et al. 2020; Manikandan
and Subramanian 2013). However, when mineral

N was loaded on wood and sludge biochar surfaces,
Keskinen et al. (2021) reported no observable slow
release effect. This finding is not surprising given that
sorption and desorption of N on biochar surfaces is
a rapid process often occurring on timescales of less
than a day (Kizito et al. 2015; Wang et al. 2020). A
fertilizer is considered as slow release if it releases
less than 15% and 80% of its N after 24 h and 28 d,
respectively (Jia et al. 2020). A slow-release effect
can be obtained either with fertilizer products of lim-
ited solubility (ISO. 2015) or through coating with
a protective layer that requires hydrolysis and/or
biodegradation before the fertilizer is released (ISO
2015; Xiang et al. 2020). Biochar has been tested as
an ingredient in coating material for urea, showing
promise for improving the slow-release effect, espe-
cially when using high-temperature biochars with
high surface area (Jia et al. 2020). However, the use
of a conventional protective coating on top of the
biochar layer appears crucial for obtaining this slow
release effect (Jia et al. 2020; Khajavi-Shojaei et al.
2020). Examples of such coatings include starch and
polyvinyl alcohol, which have been successfully used
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to produce slow-release BCFs (Dong et al. 2019;
Gwenzi et al. 2018; Liao et al. 2020; Liu et al. 2019b;
Sim et al. 2021).

Biochar properties supporting fertilizer-based
functions

Biochar is often reported to be an exceptional
product for retaining nutrients in soils due to its
high cation exchange capacity (CEC) and high
porosity (Liang et al. 2006; Lychuk et al. 2015;
Wong et al. 2019). Assuming that this widely held
view is true, a logical hypothesis is that biochar
should also make an outstanding support for deliv-
ering nutrients to plants in the form of compound
fertilizers. Exploring this hypothesis requires first
a better understanding of the nature of the CEC
and porosity of biochars.

Biochar surfaces can exchange both anions and
cations, with the CEC increasing with pH while the
anion exchange capacity (AEC) displays the opposite
response (Lawrinenko and Laird 2015). The CEC of
biochar results from oxygenated functional groups
on biochar surfaces such as carbonyl, carboxyl and
hydroxyl groups (Suliman et al. 2016). Untreated
biochars are high pH products, mostly in the 8-10
pH range (Budai et al. 2014). At desirable pH values
for agricultural soils, the CEC largely predominates
over the AEC (Silber et al. 2010). Although some
of the AEC appears pH independent, its contribu-
tion to total ion exchanges remains low (Lawrinenko
and Laird 2015; Silber et al. 2010). For this reason
it may be expected that biochar capacity for adsorb-
ing cationic nutrients will be of greater significance
for the development of a nutrient rich BCF, and there-
fore we specifically address the CEC of biochar in the
following section. Higher CEC values are caused by
an abundance of functional groups, while the process
of pyrolysis under increasing treatment temperature
is largely one of aromatization at the cost of func-
tional groups. This is why the highest CEC of biochar
products is often obtained at a fairly low treatment
temperature, ~400 °C for slow pyrolysis conditions
(Amin 2020; Budai et al. 2014; Kameyama et al.
2017; Singh et al. 2020; Wu et al. 2012). It also
explains why hydrothermal carbonization and low-
temperature carbonization products, obtained at about
250 °C, often exhibit a high CEC (Amin 2020; Budai
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et al. 2014; Mukherjee et al. 2011). However, the sta-
bility in soils of ~250 °C pyro- and hydrochars is at
least an order of magnitude lower than that of biochar
produced over 370 °C (Budai et al. 2016), making the
former products unusable for carbon-sequestration
co-benefits.

Ageing in soils increases the CEC of biochars
(Lehmann 2007). This effect is attributable to the
increased oxidation of surface groups (Liang et al.
2006) and possibly to the binding onto biochar of
high-CEC molecular structures having properties
similar to those of humic acids (Liang et al. 2006;
Wiedner et al. 2015). Very high CEC of biochar has
been inferred from the properties of aged charcoal in
soils (Liang et al. 2006), while the CEC of fresh bio-
char is usually rather low (Budai et al. 2014). Stud-
ies looking at the short-term increase in the CEC of
soil following high-dose biochar application report
either no increase (Basso et al. 2013) or only mod-
est increases (Laird et al. 2010), with the largest rela-
tive increases reported for soils very low in clay and
soil organic carbon and hence low CEC (Cornelissen
et al. 2013). It is therefore crucial not to confuse the
CEC of fresh biochar with that of its aged forms in
soils, especially as we know little about the dynamics
and timeframe of the oxidation and loading processes
in soils (Lehmann 2007) or organic environments
(Hagemann et al. 2017b; Prost et al. 2013). How-
ever, observations of biochar in soils have interesting
implications for biochar-fertilizer applications, spe-
cifically the possibility to increase the CEC of biochar
through artificial oxidation and/or coating with high
CEC organics, as discussed later.

Reported CEC of biochar products is quite varia-
ble (Table S2, Fig. 4.) due to factors affecting the sur-
face properties of biochar, such as feedstock type and
pyrolysis temperature (Jellali et al. 2022; Mukherjee
et al. 2011), but also due to variability and errors
in the analytical methods (Munera-Echeverri et al.
2018). Notwithstanding possible high-value artefacts,
the maximum CEC value of biochar products seems
to be at around 80 cmol, kg™! (Fig. 4; Zwart 2020).
However, most reported values for biochar CEC are
in the range of 1 to 35 cmol, kg_l, with wood-based
biochar at the lower end of the range (Fig. 4). Accord-
ingly, Lychuk et al. (2015) consider that a biochar
with a modest 18 cmol, kg™! is a high CEC product.
By contrast, some clay minerals and zeolites dis-
play a much higher CEC, i.e. up to 150 cmol, kg™
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Fig. 4 Range of cation exchange capacity (cmol, kg™') of
various minerals (Koon and Kaufman 1975; Christidis 2013;
Zwart 2020) and of several biochars produced from various
feedstocks and at various pyrolysis temperatures, based on the
studies; Budai et al. (2014), Cui et al. (2016), Gai et al. (2014),

for vermiculite clay (Christidis 2013) and up to 210
cmol, kg'1 for zeolites (Koon and Kaufman 1975).
For this reason, clay minerals and zeolites are known
to be effective sorbents for inorganic cations includ-
ing NH,* from various solutions, due to their high
CEC and high specific surface area (Abollino et al.
2008; Christidis 2013). The limited CEC of biochar
consequently appears to restrict its ability to retain
NH,* as compared to some other sorbents (Kocatiirk-
Schumacher et al. 2017a). This is confirmed by sev-
eral studies reporting higher removal of NH,* from
solutions and a higher concentration of nutrients
in the sorbent with zeolite as compared to biochar
(Carey et al. 2015; Hina et al. 2015; Kocatiirk-Schu-
macher et al. 2017a). Based on the CEC values men-
tioned in this section, one kg of biochar, vermiculite
and zeolite loaded with NH, could theoretically
deliver approximately 3, 20 and 30 g N for plant
growth, respectively. This might also explain why
most studies reporting positive yield effects with BCF
have used clay minerals as additives (this review, see
Fig. 2).

Hale et al. (2011), Huff et al. (2018), Jassal et al. (2015),
Kocaturk-Schumacher et al. (2019), Li et al. (2018), Mia et al.
(2017), Munera-Echeverri et al. (2018), Singh et al. (2020),
Zeng et al. (2013), Zheng et al. (2017)

The magnitude of N sorption on biochar surfaces

We undertook a detailed search of the literature to
identify studies that quantified the sorption of NH,*
and NO;~ on biochar surfaces based on batch studies
(Table S3 and S4). Batch studies are valuable because
they represent a highly repeatable and controlled
measure for the sorption properties of a material. Our
focus was to examine the maximum sorption potential
of unmodified biochar across a range of feedstock and
pyrolysis temperatures. We converted all values to mg
NO;-N or NH,-N per g biochar.

A recent meta-analysis of sorption studies con-
ducted on untreated biochar reported an average max-
imum sorption potential of 11.2 and 1.78 mg N g™
biochar for NH,* and NO, ™ respectively, based on the
modelled estimate provided by the Langmuir coef-
ficient Q,,,, (Zhang et al. 2020b). Here, we extend
this data set with values reported from single con-
centration batch studies. Our synthesis of NH,* and
NO;™ maximum sorption potentials reported in the
literature are highly skewed (Table 4), suggesting
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Table 4 Median values and variability across studies pub-
lished until January 2021 for the maximum sorption potential
of biochar for NH,* and NO;~ derived from the batch sorption
methodology in binary systems

0% 25% Median  75% 100%

NH,"N(mgg™) -403 192 551 198 189.2
NO;-N(mgg™) -008 003 0.18 268 216

that the median value is a more reliable estimate
than the mean. Across studies, the median sorp-
tion potential is modest, i.e. 5.6 mg g~! for NH,-N
and 0.18 mg g~! for NO;-N. This median sorption
value for NH,* appears consistent with average bio-
char CEC reported in the previous section, providing

further evidence for the fairly low capacity of biochar
products to sorb NH,*. Our review of the published
data also suggests that source article has a greater
impact on the maximum nutrient sorption than either
BC highest treatment temperature (HTT) or choice
of feedstock (Fig. 5. a,b,c,d). Studies that measure
high values report results of similar magnitude across
both BC HTT and feedstock gradients, such as in Gao
et al. (2015) and Takaya et al. (2016). This suggests
that specificity of experimental set-up and methodol-
ogy might be the primary explanation for the high-
est reported N sorption values on biochar surfaces.
Repeating such studies would be highly valuable. As
an example of methodology effect, Wang et al. (2015)
showed that NH; volatilisation, due to alkalisation by
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high pH biochar, could result in overestimates of the
true sorption potential of char for NH,* by as much
as 39%.

The apparent strong effect of study methodol-
ogy on the maximum sorption potential of NH,* and
NO;™ makes it difficult to define an accurate value or
predict which feedstock or BC HTT combination will
yield the best results. A dedicated study conducting
standardized reanalysis and modelling of published
data would be necessary to sort out methodologi-
cal effects from biochar production conditions. Not-
withstanding our current limited understanding of
variability, the question of a realistic and achievable
higher-end value for the sorption of NH,* on bio-
char surfaces remains. From our current knowledge,
we suggest that the upper quartile of the distribution
is a reasonable estimate, i.e. 3 and 20 mg N g~! for
NO;~ and NH,* respectively (Table 4). Based on
these estimates for high sorption capacity biochar
products, an annual fertilisation rate of 120 kg N ha™!
would require application of 6 t ha™!' and 40 t ha™! of
biochar charged with either NH,* or NO;~ respec-
tively. However, how to reach these higher values is
not yet understood.

In addition to NH4+ in solution, sorption of N in
the form of NH; has attracted attention in recent years.
Although NHj; sorption can happen in high pH solu-
tions (Park et al. 2019), it is mostly sorption from gas
streams that is of interest. While untreated biochar
displays only limited sorption for NH; gas, i.e. in the
range of m 0.15 to 5.09 mg-N g-1 (Ro et al. 2015), most
promising results have been obtained in experiments
using biochar treated with oxidants or acids (Hestrin
et al. 2019; Krounbi et al. 2020; Ro et al. 2015). Under
pure NH; atmosphere, oxidized biochar has been
reported to fix between 40.6 and 90.3 mg N g~! (Hes-
trin et al. 2019; Krounbi et al. 2020). Ro et al. (2015)
were able to fix up to 52 mg NH;-N per g of biochar
activated with phosphoric acid in a continuous-flow
experiment with 103 ppm NH; gas. Remarkably, in the
latter study, the activated biochar proved to be a perfect
scrubber before starting to saturate.

The importance of surface area and porosity
The high porosity and high surface area of biochars

is often quoted as a key element supporting a high
exchange capacity for nutrients (e.g. Lychuk et al.

2015). However, the porosity of biochar is diffi-
cult to characterize and study because pore diam-
eters span five orders of magnitude (Brewer et al.
2014). Biochar has a macroporosity inherited from
the structure of the plant material it was made from,
typically from a few microns to a few tens of a
micron. This macroporosity is crucial for increasing
the retention of plant-available water in soils (Cor-
nelissen et al. 2013; Obia et al. 2016), which is a key
beneficial effect of biochar in soils (Razzaghi et al.
2020). This macroporosity, which is inherited from
the plant structure, does not appear to be influenced
by pyrolysis temperature (Hyvaluoma et al. 2018).
Large amounts of solution can remain entrapped
in both the macro and the mesopores of biochars.
When considering making BCF, this can be a highly
concentrated fertilizer solution, which may dry out
as concentrated fertilizer deposits in biochar pores.
Since the macro-, meso- and nanopores of biochars
constitute a labyrinthine structure, asymmetric,
hydrated molecules such as NO;™ may need time to
diffuse from an inner site within a biochar particle
to the outside (e.g. alongside a gradient built up by
plant roots), depending on moisture and temperature
conditions around and in the particle (Conte et al.
2014). The different pore sizes in biochar particles
may also separate nutrients in some macropores,
mesopores and nanopores from microbial access,
since microbes (mostly above 1 pm diameter) will
not be able to access such small pores, while plant
roots in the vicinity of biochar particles might be
able to build up ion-concentration gradients to
empty such pores. Such a ‘mole sieve’ effect of bio-
char, excluding denitrifiers, is one of many explana-
tions for the reduction of N,O emissions observed
when biochar is applied to soil (Borchard et al.
2019; Kammann et al. 2012; Kammann et al. 2015).
High macroporosity might also be key for adding
specific products in concentrated BCFs, such as
those based on infiltration of molten urea in biochar
particles (Wang et al. 2021; Xiang et al. 2020).
Nanoscale porosity governs sorption dynamics
and is borne by nanometric to sub-nanometric pores
in the polyaromatic structure of biochars (Brewer
et al. 2014). This porosity is generally estimated
through gas sorption methods, with CO, for pores
less than a nanometer and N, for larger ones (Brewer
et al. 2014). There is increasing evidence that, rather
than surface area, it is pH-dependent ion exchange
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mechanisms that are largely responsible for the sorp-
tion of major N sources such as NH," (Fidel et al.
2018), NO;~ (Heaney et al. 2020) and urea (Singh
et al. 2020). Therefore, the significance of bio-
char surface area for the uptake of nutrients appears
uncertain.

Although some early studies suggested that the
CEC of biochar and its surface area would both
increase with pyrolysis temperature (Lehmann 2007),
we now know that it is not the case because of the
aromatization trade-off between loss of functional
groups and gain in surface area (Budai et al. 2014;
Singh et al. 2020). It is likely that for NH,*, CEC is
the dominant factor. For urea sorption, Singh et al.
(2020) report that maximum sorption is obtained
with BC HTT at 450 °C, and they further argue that
this temperature corresponds to an optimum between
CEC and surface area for sorption. Slow pyrolysis
biochars produced at around 400 °C appear therefore
to have the highest potential for sorbing cations such
as NH,*.

Improvement through acid and base treatments
and oxidations

As previously discussed, studies that attempted
to sorb nutrients such as NH,* and NO;~ on
untreated biochar structures generally reported
fairly low values (Table 4; Fig. 5.). Such low val-
ues for N retention on unmodified biochar do not
meet expectations for a BCF product. For this rea-
son, efforts have been put into modifying biochar
in order to optimise nutrient retention. Several
methodologies, including treatments with steam
as physical activation, and chemical activation
have been proposed to modify both the physical
and chemical properties of biochars (Sizmur et al.
2017). Chemical activation with acids, bases and
salts have been undertaken both as the post treat-
ment of biochars and as pretreatments of the bio-
mass prior to pyrolysis (Blackwell et al. 2015).
The activation can result in the increased abil-
ity of biochar to adsorb cations, anions and organic
molecules. Huff et al. (2018) reported that the CEC of
pine wood biomass produced at 400 °C doubled from
about 15 to 30 cmol, kg™! through ozone treatment.
Acid treatment of biochars enriched with clay and
Fe may increase surface area, CEC and silica content
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through leaching out impurities and changes to the
surface charge (Lin et al. 2013) but further research is
needed to verify such findings.

A considerable amount of research has been pub-
lished over the last 15 years regarding changes in bio-
char properties as a result of post-pyrolysis activation.
Laboratory trials have been carried out using strong
acids such as HNO; and H,SO, (Liu et al. 2012; Qian
and Chen 2014) and weak organic acids such as citric
and malic acids (Heaney et al. 2020; Lonappan et al.
2020). Most base treatments have been carried out
using NaOH and KOH (Liu et al. 2012; Petrovic et al.
2016) and salt treatments have relied on chlorides
(Zhang et al. 2020a).

Activation of biochar using acid and alkali solu-
tions might be expensive at large scale and requires
careful disposal of the activation media (Sizmur
et al. 2017). Oxidation with hydrogen peroxide (Mia
et al. 2017; Wang et al. 2015; Xue et al. 2012) and
ozonation (Huff et al. 2018) have also been proposed
as alternative post-treatments to increase sorption
capacity.

Chemical activation of biochar leads to higher
porosity and CEC, more oxygen functional groups
as well as a higher concentration of water extract-
able organic compounds (Lawrinenko et al. 2016; Lin
et al. 2012). Activation increased NH,* sorption by
10 mg N g~! using H,SO, on bamboo biochar (Asada
et al. 2006), by 12.8 mg N g~! using both HNO; and
NaOH on corncob biochar (Nguyen et al. 2019), and
by 5 mg N g~! using H,0, on corncob biochar (Wang
et al. 2016). The latter value was four times that of the
untreated biochar. Even though these literature find-
ings suggest an improved NH,* retention on biochar
as a result of post- treatment with activation and oxi-
dation treatment, the amount of NH4Jr retention still
appears limited.

In summary, surface treatment of biochar with
acids, bases and oxidants has the potential to modify
the surface properties of biochar, which can improve
nutrient retention. However, there is little research
examining the consequences of these treatments on
other desirable properties of the BC. Washing of char,
especially with strong acids, bases and oxidants has
the potential to leach potentially valuable components
off the char. This can include the mineral ash, which
is largely responsible for the observed liming effect of
biochar (Fidel et al. 2017), and dissolved organic car-
bon (DOC), which could be responsible for mediating
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sorption of nutrients (Mia et al. 2017) or otherwise
stimulating plant growth and development (Liu et al.
2020a). Additionally, severe chemical oxidation may
have detrimental effects on the biochar porous struc-
ture and could alter its stability in soil (Duan et al.
2019; Li et al. 2019). This means that prior to appli-
cation of these techniques there needs to be careful
consideration of the potential trade-offs associated
with these treatments in light of the desirable proper-
ties of the BCF.

Improvement through mineral and clay addition

The properties of biochars can be improved through
the addition of minerals either as a pretreatment of the
biomass or a post treatment of the biochar (Chia et al.
2014; Farrar et al. 2019). Rawal et al. (2016) found
that the addition of clay and iron sulphate to bamboo
biomass prior to pyrolysis increased both the concen-
trations of condensed aromatic, acidic, and phenolic
carbon species. Some of these effects might be bene-
ficial to the N cycle, however they also report that co-
pyrolysis with clay and iron increased N volatilization
losses from the BCF. ViglaSova et al. (2018) found
that pretreating bamboo with montmorillonite and
pyrolysing at HTT of 460 °C doubled the maximum
adsorption of NO;™. Similarly, higher NO;~ removal
efficiency was obtained by incorporating Mg/Fe dou-
ble hydroxides into wheat straw biochar (Xue et al.
2016) and Fe/Ni nanoparticles on sugar cane bagasse
biochar (Li et al. 2017). Other studies have shown
improvements in specific properties by adding zero
valent iron, basalt, or amorphous silica.

Clay-biochar composites have been designed and
tested for their ability to sorb NH4+ (Chen et al. 2017,
Huang et al. 2020; Ismadji et al. 2016). Chen et al.
(2017) studying a bamboo biochar-montmorillonite
composite reported an increase in the maximum sorp-
tion capacity for NH,* of 412% from 2.44 mg g~!
to 12.5 mg g~'. In a study by Ismadji et al. (2016)
a cassava peal biochar combined with bentonite
resulted in a 149% increase in NH," sorption, from
9.49 mg g~! to 23.67 mg g~ Chen et al. (2017) con-
cluded that the addition of clay prior to pyrolysis
acted as an acid catalyst, which fostered reduction
processes; however they do not report the sorption
capacity of the clay alone. Ismadji et al. (2016) iden-
tified a composite effect where the combination of

BC and bentonite resulted in a higher sorption capac-
ity than the BC and bentonite alone, apparently due
to the fact that the bentonite displayed a finer poros-
ity structure (mesoporous) when combined with the
biochar. Yao et al. (2014) reported that clay addition
increased the sorption capacity of biochar for methyl-
ene blue. They also observed that the effect was more
pronounced with bagasse biochar than with bamboo
or hickory biochars, and with montmorillonite than
kaolinite clay. To increase binding of clay to biochar
particles, Huang et al. (2020) used Na,SiO;. Liao
et al. (2020) suggest that bentonite fixed inside bio-
char pores swells in contact with water and thereby
slows down the diffusion of urea from the BCF to the
soil solution. The clay treatment does not appear to
substantially increase the surface area of the biochar,
but it increases its capacity for ion exchange (Yao
et al. 2014). When combining chicken manure with
biochar through torrefaction, Lin et al. (2013) report
that addition of clay helped conserve N in the result-
ing BCF. The use of bentonite in BCF increased yield
while reducing NO;~ content of pepper plants (Yao
et al. 2015). Shi et al. (2022) pelleted maize straw
biochar with bentonite and sepiolite amended with
carboxymethyl-cellulose and blended with commer-
cial urea for wheat production. As shown in their field
test, the NUE reached 42% compared to 33% for con-
ventional urea without biochar and clay.

Improvement with organic coating

The interaction of biochar with organic matter in soils
has long been postulated to have a significant role in
the development of biochar effects on plant yield and
nutrient retention (Hagemann et al. 2017b; Kammann
et al. 2015; Lehmann et al. 2002; Liang et al. 2006;
Sarkhot et al. 2013). The organic coating of biochar is
often cited alongside other natural aging processes to
explain the greater nutrient retention potential of aged
biochar (Fischer and Glaser 2012; Hagemann et al.
2017a; Liang et al. 2006). However, so far research has
focused primarily on the oxidation of biochar to explain
the effects of aging on biochar properties (Liang et al.
2013; Wang et al. 2015). Very little mechanistic work
has been undertaken to understand the significance of
organic coatings for mediating these effects and how
they might be exploited in the creation of a commer-
cially viable BCF. Here we consider what is known
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about the effects of biochar and organic matter interac-
tions on the uptake and retention of NH,* and NO;™.
Ammonium is a prime candidate for sorption to bio-
char due to both the alkalinity and the generally larger
CEC than AEC of biochar. However, as we have already
discussed, the CEC of many unmodified biochars is rela-
tively low in comparison with that of soil organic matter.
Several studies report that the sorption capacity of bio-
chars for NH," increases when organic molecules bind
to biochar surfaces (Lehmann et al. 2002; Sarkhot et al.
2013; Conte and Laudicina 2017). Consistent with this
effect, co-composting was reported to increase the CEC
of a hardwood biochar from about 3 to about 18 cmolc
kg~! Khan et al. (2016). Prost et al. (2013) showed that
the surfaces of co-composted biochar acquired dis-
solved organic molecules and nutrients from the com-
post. Although these organic molecules could also com-
pete for and occlude the same polar functional groups
responsible for the biochar CEC, it is thought that the
net result is an increase in the sorption capacity of the
biochar for plant nutrients (Conte and Laudicina 2017).
Nitrate sorption by biochar also appears enhanced
by organic coatings. When untreated, biochar gener-
ally displays low NO;~ sorption capacity, which is
consistent with their low AEC values (Hale et al. 2013;
Hollister et al. 2013). However, soils amended with
large quantities of biochar (1.5 to 6% w/w) have been
shown to retain NO;™ as compared to no-biochar con-
trols (Chen et al. 2019; Haider et al. 2015). Kammann

Untreated

et al. (2015) observed that a co-composted biochar
had captured both anionic and cationic nutrients, with
the largest fraction as NO,~ (up to 5.3 g N kg™).
Hagemann et al. (2017c) confirmed this NO;~ “cap-
ture” phenomenon with different woody and sewage-
sludge biochars, with a~700 °C wood biochar having
the largest effect. Hagemann et al. (2017b) were able
to demonstrate that an organic coating rich in N and
N-containing functional groups forms on biochar par-
ticles during co-composting. It was hypothesized that
NO;™ anions may be trapped in DOC- or clay-clogged
biochar nanopores, retarding their release to the sur-
rounding soil (Joseph et al. 2018).

The results reported here may serve as a starting
point to develop biochar products with enhanced
environmental N effects, such as reduced NO;™ leach-
ing and N,O emissions. However, the positive effects
of organic coatings on NO;™ retention reported
here have generally been obtained in studies using
large biochar applications (>1 w/w %). Although
some studies report large relative enhancements of
NO;™ retention, the values obtained remain low in
absolute terms (below 5 mg NO;-N per g biochar).
The same applies to increased NH,* retention, the
increase is comparatively large but remains limited in
absolute values. Biochar coated with organics are cur-
rently in the low range of biochar/N ratio when con-
sidering BCFs (Fig. 6.), and substantial improvement
would be needed for actual fertilizer applications. The

Enhanced Future

Products char Activated (additives) sorbents? Blends
200:1 150:1 100:1 50:1 5:1 1:1
N fert. value
Sorption on charged Blending
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Key Functional groups Porosit
BC Property g P %

Fig. 6 Schematic representation of the amount of biochar needed fix one unit of N, its fertilization value, and the corresponding

products, key processes and biochar properties
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technology of organic coatings might be better suited
for biochar amendments for environmental applica-
tions than for BCFs, but at this point we know too lit-
tle to exclude that significant breakthroughs could be
made towards BCF applications, and more research is
clearly needed on this topic.

Biochar-mediated uptake of nutrients

As we have previously discussed, BCF can increase the
NUE of plants (Chen et al. 2019; Shi et al. 2020; Zeng
et al. 2013). However, sorption-like processes are not
the only possible mechanisms leading to an enhance-
ment of NUE with BCF. In this section we investigate
how biochar applied in fairly low amounts like in cur-
rent BCF may trigger plant responses that also result in
a more efficient uptake of nutrients by crops.

Nutrient availability in soil is affected by micro-
bial communities (Brussaard et al. 2007), which can
in turn be affected by the presence of biochar (Budai
et al. 2016). This suggests that the interaction between
BCF and soil microbes might affect the availability of
native soil nutrients as well as the uptake of the nutri-
ent applied with the BCF. Ye et al. (2016) observed
that a biochar-treated compost increased total soil
NO;™ more than compost alone, and attributed this
effect to the stimulation of soil nitrifier populations.
In the same study, however, they also noted that bio-
char/compost addition, which had a relatively high
pH, reduced the amount of plant available P. Similar
studies also revealed that BCFs applied at low rates
(100-1000 kg ha™!) can increase root colonization by
arbuscular mycorrhizal fungi (Blackwell et al. 2015),
increase the abundance of N fixing bacteria and
increase the bioavailability of P, K and N (Nielsen
et al. 2014). Chew et al. (2020) measured an increase
in rice biomass using a BCF containing urea, Fe,0;
and apatite. They attributed this effect to increased
soil pH, Eh and a shift in microbial community com-
position. They also discovered that the BCF treatment
induced changes to the root membrane potential of
the rice, which they hypothesized resulted in greater
potential nutrient uptake by the plant.

In addition to the proposed biochar effect on root
uptake, studies have also measured an increase in
root development following biochar addition (Xiang
et al. 2017). This is especially true in infertile soils or
in rain fed regions, where more abundant root hairs

can increase the ability of plants to access nutrients
in soil (Liu et al. 2020b). There is some discussion
regarding the mechanism by which biochar stimulates
root development. The most basic explanation is that
the biochar addition alters soil physical properties
allowing better root development without the adverse
effects of physical barriers such as soil compaction
(Amendola et al. 2017; Omondi et al. 2016). How-
ever, recent studies have suggested that the soluble
components of biochar may play a more important
role in stimulating plant root growth following bio-
char addition (Kolton et al. 2017; Lou et al. 2016).
Liu et al. (2020a) investigated the effect on maize
growth of different biochar components such as
water-soluble biochar extract, mineral nutrients in ash
and washed biochar. They found that the addition of
water-soluble biochar extract promoted maize growth
accompanied with greater root size, longer root hairs
and more root tips. It was hypothesized that this effect
was due to the presence in the biochar of hormone-
like substances, which promoted root development.
However, further studies are needed to verify this
effect using a range of soil conditions, different bio-
char feedstocks and pyrolysis conditions.

Implications for biochar-based fertilizer design

Application rates, ease of use in the field and effects on
yield will be key factors determining the adoption of
BCFs by farmers. In this review, we hypothesize that
farmers will be using BCFs to cover part or all of their
annual fertilizations needs, meaning that we are not con-
sidering one-time large amount applications. When based
on mineral fertilizers, BCF products will need pelletiza-
tion or granulation for ease of application. A balanced
mineral NPK fertilizer contains typically 15% N, thereby
requiring application rates of about 1 ton ha™' for deliv-
ering 150 kg N ha™!. For a concentrated fertilizer prod-
uct, for example in pellet or granule form, a 50% biochar
mix is likely an upper limit, i.e. one ton of biochar per
ha. The upper mixing ratio between N and biochar would
therefore approximate 1:7. Based on N sorption proper-
ties in solution, our review suggests this ratio could reach
approximately 1:150 for untreated biochar, 1:100 for acti-
vated biochar, 1:50 for current enhanced biochar with
additives (Fig. 6). These values are too high for practi-
cal purposes, and the question remains if future biochar-
based sorbents can be developed to reach a N:biochar
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ratio as high as 1:5. It is notable that current concen-
trated BCFs based on physical blends, i.e. non-sorption,
contain as little as 20% biochar in the fertilizer mix (Shi
et al. 2020), which translates into a~1:1 N:biochar ratio
(Fig. 6). For such products, the main effect is not thought
to come from sorption processes, but would rather result
from pyrolysis-derived biostimulants promoting root
growth or beneficial micro-organisms, as discussed in
previous sections.

When using concentrated N sources, our review
also indicates that sorption is not the only way to load
N onto biochar for BCF purposes. Physical protection
of low solubility N forms within biochar structures
could provide high-N content and slow release. The
case of infiltration of molten urea into biochar struc-
tures is an interesting example of such applications,
where nearly complete and slow release of the urea N
was obtained (Xiang et al. 2020; Wang et al. 2021).
Such application deserves further research, notably in
terms of the pore distribution of the biochar needed to
maximize this effect, as well as the chemical reactions
taking place when using molten urea. Dissolution
of precipitated or solidified products within biochar
structures might be slowed down when using larger
biochar particles, following mechanisms already pro-
posed for desorption processes (Kang et al. 2018).
This suggests that suitable combinations of biochar
porosity and particle size might be a promising opti-
mization for non-coated high-N BCFs.

Nitrogen contained in organic waste streams such
as manures could also be a prime target for making
BCFs, presenting a win-win solution of reducing pol-
lution risks and increasing yields. Though manure
composition varies, most of its N is generally present
in the form of NH4+, which is mineral and cationic
(Montégut et al. 2016; Portejoie et al. 2004). There-
fore, trying to fix manure N on biochar surfaces
presents challenges similar to those encountered
with mineral N sources. Transferring N from liquid
manures into BCFs will require biochar with super
sorbent properties in a liquid phase, which remains a
future prospect. However, our review points to some
interesting prospects regarding effects of clay addition
and NH; gas sorption on oxidized biochar surfaces.

Interaction with clays deserves greater scrutiny.
We have seen that most studies reporting increased
NUE effects used clay-enhanced BCFs. Certain clay
materials display CEC values substantially higher
than those of biochar (Fig. 4) and the study of Ismadji
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et al. (2016) also suggests that biochar has positive
synergistic effects on clay porosity for sorbing nutri-
ents. Effects beyond simple additionality is precisely
what we look for in making BCFs.

Adsorption of NH; gas on biochar surfaces appears
to reach high values when biochar is activated with
acids or oxidants, as detailed in a previous section.
Values of 40 to 90 mg NH;-N per g biochar (Hes-
trin et al. 2019; Krounbi et al. 2020; Ro et al. 2015)
are well with the future sorbent category presented
at Fig. 6. In addition, NH; adsorbed on biochar sur-
faces appears to be plant available (Krounbi et al.
2021; Taghizadeh-Toosi et al. 2012). High affinity of
activated biochar for NH; gas is especially significant
as NH; volatilization from animal manure is a major
source of pollution from agriculture and represents
huge annual N losses of about 2 and 10 million tons
N per year for the European Union and China respec-
tively (Paulot et al. 2014; Xu et al. 2017). Using acti-
vated biochar to capture NH; gas appears therefore as
a venue that should be further explored where biochar
filter materials are turned into BCFs. However, sev-
eral questions remain. The extent of the N availability
needs to be quantified. Also, initial research suggests
that high P content (e.g. Ro et al. 2015) and low K
content (Krounbi et al. 2020) would facilitate binding
of N, suggesting that the resulting product will need
blending with other materials to produce a balanced
NPK BCF.

Conclusions

Here, our aim was to review the progress made
towards producing BCF with superior NUE and, in
doing so, dispel misconceptions and highlight most
promising venues for further research and develop-
ment. With this precise question in mind, we have
challenged the paradigm of producing concentrated-
N slow-release BFC based on the intrinsic sorption
properties of biochar. This is not to say that biochar
sorption properties cannot be used to catch low-
concentration N in the environment, and promising
applications in such directions have been reviewed
in other works. Neither do we challenge the fact that
biochar products can present multiple soil benefits,
thereby resulting in increased yield, as also demon-
strated in numerous studies and reviews. We point
however to the fact that the positive reported effects
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of BCFs are neither fully demonstrated in terms of N
retention and slow release nor backed by ionic sorp-
tion theory. Positive effects, notably reported for com-
mercial BCFs with low content of biochar, have been
attributed to pyrolysis-derived biostimulants. With
respect to boosting N retention and slow release prop-
erties, it is uncertain which technology will emerge
from the current flurry of R&D activities on BCFs.
Still, our review points towards some particularly
promising technologies: 1) sorption of NH; gas on
specifically activated biochar, 2) synergies between
biochar and clay porosities, which might provide
economical enhancement of properties, 3) physical
protection of solid N forms, which might be a better
venue that solute sorption for highly N-concentrated
BCFs. Whether a BCF delivering synergistic effects
on slow-release and NUE can be produced using such
methods at competitive prices, including C-credits
discounts, is still unclear, but remains a cornerstone
question for large-scale implementation of biochar in
agriculture.
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