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ABSTRACT

Sorption of nutrients such as NHj is often quoted as a critical property of biochar, explaining its value as a soil
amendment and a filter material. However, published values for NHJ sorption to biochar vary by more than 3

Keywords: orders of magnitude, without consensus as to the source of this variability. This lack of understanding greatly
Bi"d‘ar' limits our ability to use quantitative sorption measurements towards product design. Here, our objective was to
Ammfmmm . conduct a quantitative analysis of the sources of variability, and infer which biochar traits are more favourable to
iz;;;:)ircapac1ty high sorption capacity. To do so, we conducted a standardized remodelling exercise of published batch sorption

studies using Langmuir sorption isotherm. We excluded studies presenting datasets that either could not be
reconciled with the standard Langmuir sorption isotherm or generated clear outliers. Our analysis indicates that
the magnitude of sorption capacity of unmodified biochar for NHJ is lower than previously reported, with a
median of 4.2 mg NH{ g~! and a maximum reported sorption capacity of 22.8 mg NH4 g~. Activation resulted
in a significant relative improvement in sorption capacity, but absolute improvements remain modest, with a
maximum reported sorption of 27.56 mg NHi g~! for an activated biochar. Methodology appeared to sub-
stantially impact sorption estimates, especially practices such as pH control of batch sorption solution and ash
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removal. Our results highlight some significant challenges in the quantification of NH} sorption by biochar and
our curated data set provides a potentially valuable scale against which future estimates can be assessed.

1. Introduction

Biochar has received significant attention in the last 20 years as a
tool to mitigate climate change and as a green technology to valorise
waste products for utility in agriculture and waste management. The
study of the Terra Preta in the Amazonas has been a driving force behind
the current interest in biochar (Lehmann, 2007). The high content of
pyrogenic C and the high nutrient holding capacity of these soils has
raised hope that biochar application to soil could deliver similar benefits
over short timescales (Glaser et al., 2001, 2015). Biochar has been rec-
ommended as a tool to both reduce N loss in soils (Al-Wabel et al., 2018)
and as media in waste reclamation to stabilise and recover waste N
(Huang et al., 2018). Based on its ability to retain nutrients, biochar has
also been studied as a component in compound fertilisers (Dong et al.,
2019).

With respect to mineral N retention on biochar, evidence suggests
that biochar is a better sorbent for NHj than NO3 (Zhang et al., 2020;
Jellali et al., 2022). This is because biochar has a net negative charge at
agriculturally relevant pH (>6) and is therefore more suited for the
retention of cations such as NHj. Ammonium is a highly important
mineral N form, notably because it is generally the most abundant N
compound found in organic wastes such as manure (Portejoie et al.,
2004; Montégut et al., 2016). Both the retention capacity and the
retention mechanism of biochar for NHJ are of critical importance to the
efficacy of biochar products. High capacity sorbents are required to
recover and recycle waste NHJ and deliver it to plants in a bio-available
form. It is therefore crucial to better understand the key drivers of the
sorption capacity of biochar for NHJ, as exemplified by the numerous
studies dedicated to this research (Zhang et al., 2020). .

Variability in the estimations for the sorption capacity of biochar for
NHJ appears extremely high, with published values ranging from 0.01
mg ¢! to 518.9 mg g~!. In a review of literature values Zhang et al.
(2020) reported an average sorption capacity of 14 and 29 mg NH g~!
biochar for a non-activated and activated biochar respectively. Several
reviews have concluded, based on average values, that the sorption
capacity of biochar for NHj is limited (Zhang et al., 2020; Jellali et al.,
2022; Rasse et al., 2022). However, biochar has been proposed as a
competitive tool for NHj recovery in waste water treatment based on
exceptionally high values reported in the literature (Huang et al., 2018).
A logical hypothesis is that it should be possible to link reported high
values to specific biochar properties through meta-analysis of the
existing literature. However, this does not appear to be the case, as
meta-analyses and reviews have failed so far to demonstrate a rela-
tionship between sorption capacity for NHJ and biochar production
conditions or feedstock (Jellali et al., 2022; Rasse et al., 2022). This lack
of positive relationship is potentially due to the diversity of biochar
types as well as to differences in the methodologies applied to estimate
sorption capacity (Jellali et al., 2022; Rasse et al., 2022). Sorption es-
timates are known to be influenced by both laboratory methods (Vole-
sky, 2007) and mathematical approaches for modelling the sorption
behaviour (Barrow, 2008). In addition, methodological artefacts easily
affect estimates of sorption values of solutes to solids (Barrow, 2008; Foo
and Hameed, 2010; Tran et al.,, 2017; Al-Ghouti and Da’ana, 2020;
Cherkasov, 2020). All these elements have the potential to confound the
interpretation of sorption capacity across studies.

Meta-analysis approaches conventionally deal with high data vari-
ability through the use of response ratios, which hinders determination
of effect size across studies. Conversely, review often fails to deal with
the diversity of methodological approaches underpinning the estimated
mean responses. These considerations suggest that understanding the
source of variability for biochar NH} sorption requires to go beyond

meta-analyses and passive reviews of final sorption parameters, and
consider the collection and analysis of data in the reporting studies. A
reanalysis of published data requires a standard approach, which might
only be applicable to a subset of the diversity of biochar NH4 sorption
studies.

Because sorption data can be biased both by methodology and the
mathematical approach to determining the coefficients, the source of
variability can be better assessed and analysed through applying a single
standardised methodology on published data. A common approach to
the determination of biochar sorption capacity is the application of
Langmuir isotherms to measurements derived by batch sorption exper-
iments (Rasse et al., 2022). The Langmuir isotherm is a theoretical
model applied to experimental data and it is often used because it pro-
vides an estimate for the theoretical maximum sorption capacity of a
sorbent. Based on Langmuir remodelling of published datasets, the
objective of the present study was to conduct a quantitative analysis of
the source of variability for biochar NHj sorption, and, if possible, infer
which biochar traits are more favourable to high sorption capacity of
NHJ on biochar.

2. Methodology
2.1. Choice of approach

To understand the relationship between biochar properties and
sorption capacity for NH4, we first needed to develop a constrained
dataset of estimates for the maximum sorption potential of biochar.

Although there are several methods for estimating the maximum
sorption capacity of biochar for NH4 the most commonly applied is the
Langmuir isotherm. The fitting of the Langmuir isotherm requires
multiple measurements spanning a range of sorbate concentrations.
Since the estimation of the Langmuir coefficients require multiple
measurements it is possible to derive an error in the estimate, which is a
potentially valuable quality assessment tool. Here we focus specifically
on the Langmuir coefficient Qpnax Which is an estimation of the theo-
retical maximum sorption capacity of a sorbent for a sorbate. The
Langmuir model requires measurements that span saturation (Giles
et al., 1960; Calvet, 1989; Barrow, 2008), so by definition, we excluded
single-concentration studies where the theoretical maximum sorption
cannot be ascertained. We also excluded isotherm studies that did not
apply the Langmuir model because it potentially indicated that the
datasets were not appropriate for such a modelling, e.g., due to an
insufficient measurement range. The remodelling step was required in
order to 1) standardise the approach for estimating the Langmuir co-
efficients and 2) provide a measure of uncertainty in order to quality
check the estimates.

2.2. Data collection

Our literature search was conducted on the Web of Science with a
cut-off date of February 2020 using the search terms: (batch sorption OR
isotherm OR Langmuir OR Freundlich) AND (NH{ OR ammonium) AND
(biochar OR activated carbon OR pyrogenic carbon OR black carbon).
We identified all studies where measurements used to estimate the
Langmuir coefficients were provided (in graphic form) either in the
main text or in supplementary information.

Remodelling was conducted according to the classical Langmuir
approach to model isotherms (Giles et al., 1960). In short, a fixed
amount of sorbent is subjected to increasing concentrations of sorbate in
a solution, and the amount of adsorbed sorbate (qe) is calculated ac-
cording to Equation (1).
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(CO - Cc)v
qe= — Eq1l
where Cy (mg L1 is the initial concentration of the sorbate solution, C,
(mg L’l) is the equilibrium concentration. V (L) is the solution volume
and M (mg) is the mass of the sorbent. Isotherm models are plotted as a
function of g (mg g’l) versus Ce (mg L’l), and we therefore excluded
studies where q. was plotted versus Co.

Relevant figures were captured from the reviewed literature as.jpg
files and digitised manually using Engauge Digitizer (Mitchell et al.,
2020). Units were standardised with qe in mg NHf g~ biochar and C in
mg NH L~} solution.

2.3. Checking for consistency

We checked all studies for data and unit consistency. Following this
consistency check, four studies were removed for reasons that include;
lack of clarity regarding units, inconsistency between the re-estimated
and the published coefficients and non-standard isotherms that resul-
ted in large errors of the estimate (Table S2). This resulted in a quality-
checked collection of 125 isotherms in 31 papers (Table S4).

2.4. Data re-modelling

We applied a standard non-linear modelling approach to estimate the
Langmuir coefficients Qnax and Kp, which represent the theoretical
maximum sorption capacity and the adsorption equilibrium constant,
respectively (Eq 2). This non-linear modelling approach is preferred to
the linearization of the Langmuir isotherm, which is commonly used to
simplify coefficient estimation (Eq (3)).

QmaxKL Ce
— Eq 2
“=rKC) 4

C, 1 C,

= +
9e K, L Qmm Qmax

Linearization has been shown to introduce bias and therefore result
in poor estimates (Barrow, 2008; Foo and Hameed, 2010; Tran et al.,
2017; Al-Ghouti and Da’ana, 2020; Cherkasov, 2020). Our own tests on
this dataset confirm that estimates derived by linear vs non-linear
methods vary significantly (Fig S3 in Supplementary Information).
Therefore, we used only the non-linear method for the purpose of this
review.

We estimated the non-linear parameters using the nls function in the
R-package nlme (Pinheiro et al., 2021; R Core Team., 2021). We set a
condition to accept only positive estimates for the coefficients on the
basis that negative values for Qnax or K, confound the theoretical as-
sumptions of the Langmuir model. For the sake of clarity in the text, we
distinguish between the previously published and our remodelled esti-
mates for Qnax with the terms Qpyp and Qpew, respectively.

We assessed the fit of the isotherms using the standard error of the
estimate. We removed all isotherm models where the standard error of
the estimates was greater than the value of the estimate, for any of the
coefficients. This resulted in the largest functional subset consisting of
116 isotherms in 29 studies (Table S4 in Supplementary Information).

Eq 3

2.5. Biochar properties

We aimed to model the effect of biochar properties on values of Qpey.
Due to variability in the availability of the specific variables that were
provided in the source articles, we performed the modelling on multiple
subsets of the data (subsets defined in Table S4, Supplementary Infor-
mation). The data sub-setting reduced the availability of data at each
stage, which impacted the statistical power of our analysis. For this
reason we have discussed all results in light of the consistent fixed effects
at each stage of sub-setting. The variables included in the model fitting
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are reported in Table S3 (Supplementary Information).

We chose source article to represent the apparent effect of study
methodology on the response variable and applied this as a random
effect. Because we aimed to understand how source article might in-
fluence the fit of the biochar parameters, we applied both a Generalised
Linear Model (GLM) and Generalised Linear Mixed Model (GLMM),
which allowed us to parametrise the model both with and without a
random effect. In the fitting of both the GLMs and GLMMs, we chose a
gamma distribution with log-link function. We performed model-
selection using Akaike’s information criterion adjusted for small sam-
ple sizes (AICc), and with the MuMin R-package (Barton, 2020). We
considered all models within 2 points AICc difference of the best fitting
model as fitting the data equally well (Burnham and Anderson, 2002),
and discuss the differences between those models in the results. We used
the glmmTMB R-package (Brooks et al., 2017) to fit the models both with
and without source article as a random effect.

3. Results and discussion
3.1. Spread of the values

Our remodelling and analysis of the 116 isotherms included in 29
studies showed that Qpe,, was lower than 20 mg NH} g’1 biochar in the
majority of studies (Fig. 1, Table S4). Despite our approach to data
discrimination our final dataset contained outliers, represented by two
studies consisting of 5 isotherms with Qpew values approximately 3-10
times the upper quartile of all measurements included in this study. One
of the studies reporting these higher values (Fan et al., 2019), estimated
a Qpup of 95-116 mg g’1 for a commercially produced bamboo biochar
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Fig. 1. Quew (mg NHi g~ 1 biochar) values for articles following data
discrimination prior to removal of uncertain estimates (subset 2 — see Table 54
Supplementary Information). Each point is an estimate derived from fitting a
Langmuir isotherm to data digitised from a single published isotherm. Bars
represent 95% confidence intervals and grey colouring represent estimates
where the standard error of the estimate was larger than the estimate.
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at a highest treatment temperature (HTT) of 370 °C (solution pH was
between 3 and 7). This was higher than the 6.8-22.8 mg g_1 Qpub range
reported for a bamboo biochar produced at 450 °C HTT (solution pH 6)
by Qin et al. (2019). The second outlier study (Yin et al., 2019), esti-
mated Qpyp Vvalues for a non-activated poplar wood biochar that were
approximately 10 times higher than the next two highest estimates for
non-activated wood biochar, including a high temperature wood chip
biochar (Hailegnaw et al., 2019) and a low temperature oak sawdust
biochar (Wang et al., 2015c). Removal of these values from the dataset
reduced the mean and standard deviation of the estimates and reduced
the difference between the median and the mean (Table 1). We tested
whether we could explain these high outlier values by modelling Qpew as
a function of available biochar properties such as solution pH, activa-
tion, biochar HTT, or feedstock. However, inclusion of these outliers in a
GLM resulted in a negative estimate for the pH effect on Qpey (GLM:
Est.-0.05, C.I. —0.16 — 0.06 see Table S5a in Supplementary Informa-
tion), which is unexpected considering the well documented positive
correlation between pH and cation sorption (Fidel et al., 2018).
Removing these 2 studies resulted in a positive correlation between pH
and Qpew as well as a better fitting model (Table S5b in Supplementary
Information). This observation supports removing these values from our
analysis, but it does not preclude that other variables, not available for
analysis, might explain these high values.

A previous quantitative review of the biochar sorption potential for
NHJ estimated average values of 14 and 29 mg NHZ g~! biochar for non-
activated and activated biochars, respectively (Zhang et al., 2020). In
Rasse et al. (2022), the mean for non-activated biochars was 31.5 mg
NHj g~ ! biochar, which is 2 folds higher than the estimate by Zhang
etal. (2020) for non-activated chars. The reason for this discrepancy was
that the study by Rasse et al. (2022) included values excluded by Zhang
et al. (2020) in their analysis. Rasse et al. (2022) identified that the
response variable, Quax, was skewed, which informed their decision to
interpret the median as a more suitable measure of centre. Applying our
current conservative approach, however, we find both a low median and
mean estimate for our remodelled estimate of Qpew for both
non-activated and activated char (Table 1), which reduced the degree of
skew in the data, further highlighting the influence of the high estimates
on the mean.

Our results suggest that the sorption potential of biochar is low even
following activation (Table 1). However, we come to this conclusion
because we raise doubts over a number of high estimates. While our
study suggests that the most likely explanation for these high values are
methodological issues, it is also possible that these chars represent
exceptional biochar sorbents. For future studies, values outside the
range we identify here should be scrutinised more closely to rule out
methodological issues and identify biochars with exceptional sorption
capacity.

3.2. Relationship between Qye,, and biochar properties

To explain variations in Qpeyw We extracted the most consistently
reported data that quantified biochar properties. This included specific
surface area, specific pore volume, CEC, and elemental analysis. How-
ever, even for these important properties of the biochar, we found
considerable variability in the frequency of reporting. For example, CEC

Table 1
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was quantified in only 8 of the 28 studies. Although specific pore volume
and specific surface area were quantified by 12 studies consisting of 48
isotherms, measurements were conducted with two different methods, i.
e. N2 or CO3 adsorption, which are known to quantify different pore
sizes and therefore produce substantially different estimated values
(Maziarka et al., 2021). The most consistently quantified biochar
properties were the elemental contents of O, N, and C, quantified in 13
studies consisting of 72 isotherms. Taking advantage of this larger data
pool, we chose to include the molar ratio (O + N):C as an explanatory
variable. The molar ratio O:C is used frequently as a proxy for the
abundance of polar functional groups on the surface of biochar
(Al-Wabel et al., 2013; Budai et al., 2014). These functional groups are
largely responsible for the CEC of biochar (Xiao et al., 2018; Hassan
et al., 2020) making this variable a potentially valuable proxy for CEC.

While fitting the GLM we identified several outliers in the value (O +
N):C that we traced back to isotherm measurements conducted on
eggshell biochar that had an exceptionally high ash content (98% =+ 0.5)
(Xu et al., 2019). For this biochar type the interpretation of (O + N):C, as
a proxy for negatively charged functional groups on a carbon matrix, is
confounded by the abundance of mineral C and O in the ash component
of this biochar. This observation highlights the potential confounding
effect of mineral oxygen content of ash for the popular interpretation of
the molar ratio (O + N):C.

We found that both pH (GLM: Est. 0.13, C.I. 0.00-0.25) and activa-
tion (GLM: Est. 0.91, C.I. 0.48-1.33) of the biochar had a positive
relationship with Qpey in the model, while biochar HTT (GLM: Est.
—0.001, C.I. —0.001 - 0.0001) had a negative relationship with Qpew-.
(Tables S5b, d, in Supplementary Information). We tested the effect of
study methodology on our results by running the models both with and
without source article as a random effect. Without a random effect, the
variable feedstock appeared to be an important explanatory variable
with Wood biochar resulting in significantly lower estimates for Qpew
than Agri. Waste, Herbaceous, and Combi biochars in both data subsets
(Fig. 2 & Table S5b,d in Supplementary Information). However, inclu-
sion of source article as a random effect removes the effect of feedstock,
highlighting that feedstock is often study specific. For example, only two
studies in our dataset compare wood biochar with other feedstock types
(Li et al., 2018; Xu et al., 2019).

Estimates for the effect of activation on Qpey were relatively large,
positive, and consistent throughout all models (Table S5 b,c,d in Sup-
plementary Information). The activation methods applied in the avail-
able literature can be loosely categorised based on 2 different
approaches. Either, use of oxidants, in the form of acids (Boopathy et al.,
2013; Wang et al., 2016; Zhu et al., 2016; Mia et al., 2017; Vu et al.,
2017, 2018; Khalil et al., 2018), or combination of the biochar with
minerals (Wang et al., 2015a; Ismadji et al., 2016; Chen et al., 2017;
Gong et al., 2017; Chandra et al., 2020; Xiao et al., 2020). The largest
estimates (Qpew > 20 mg g~!) included 2 studies applying mineral
treatments pre-pyrolysis (Ismadji et al., 2016; Chandra et al., 2020) and
a single study applying a HNO3 treatment post pyrolysis (Vu et al.,
2017). Compared with the highest estimate for a non-activated char
22.8 mg NHj g*1 biochar (Qin et al., 2019), activation resulted in the
highest overall estimate of Qpey at 27.6 mg NH} g’1 biochar (Xiao et al.,
2020). However, the relatively small difference in Qpey between the
best-performing modified and non-modified biochar show that

Spread of remodelled sorption coefficients for maximum theoretical sorption capacity Qyew values (mg NHZ g’1 biochar) summarised by quartiles, median and mean
with standard deviation for activated and non-activated biochar. (Subset: 1 (top) and subset 2 (bottom), see Table S4 in Supplementary Information).

Quantiles Mean (Sd)
0% 25% 50% 75% 100%
Including outliers (Source article n = 29; Isotherm n = 116) activated 0.93 2.39 7.24 17.24 59.44 11.61 (12.24)
not activated 0.49 2.59 4.22 10.96 149.23 11.77 (25.89)
Excluding outliers (Source article n = 27; Isotherm n = 111) activated 0.93 2.06 6.96 17.04 27.56 9.96 (8.4)
not activated 0.49 2.57 4.20 9.52 22.82 6.51 (5.92)
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Fig. 2. Distribution of Qe values by feedstock. Data are for non-activated
biochar only. Based on data subset 4 (Table S4 in Supplementary Informa-
tion) following discrimination process and after removal of outliers.

activating biochar may only provide relatively minor net benefits,
potentially at the cost of a more expensive biochar production process.

We included solution pH in our modelling because sorption in solute
systems is known to be pH dependent (Fidel et al., 2018). Similar to
activation, the effect of solution pH was consistent and positive in all
models (Table S5d in Supplementary Information). Although we identify
a positive correlation between solution pH and Qpew, the effect of pH on
NHZ /NHj3 speciation is known to result in reduced sorption at high pH
due to the lower sorption affinity of NH3 (Hu et al., 2020). However, our
results show consistently higher estimates for Qpew in studies where
solution pH was higher than the pKb of ammonium (Fig. 3b), which
may, at least partially, be attributed to ammonia volatilisation. NHs is an
important component of N loss in agricultural systems (Sha et al., 2019).
NHj3 volatilisation can result in substantial N losses at high pH, which are
generally not quantified in sorption studies (Kizito et al., 2015; Wang
et al., 2015b; Esfandbod et al., 2017). NH3 can also chemisorb to biochar
surfaces under ambient conditions forming amine groups (Hestrin et al.,
2019). Both mechanisms may confound interpretation of the Langmuir

307 a. b.
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pH control / Ash removal Solution pH (binned)

Fig. 3. a: Qyew as a function of pH control and ash removal excluding activated
biochar. X axis labels denote groupings based on whether a study performed pH
control of batch solutions (yes/no) and/or removed the ash from the biochar
prior to sorption analysis (yes/no). b: Quew as a function of solution pH that was
binned to represent pH above and below the pKb of ammonium (pH 9.25).
Points in both figures show individual measurements.
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isotherm where the assumption is that the change in concentration of the
sorbate: 1) directly reflects the amount being sorbed on the biochar
through conservation of N mass in the system, and 2) is a function of
reversible sorption mechanisms on the surface of the biochar. The loss
due to volatilisation, in particular, is not only a function of pH, but also
of the salt content of the solution, solution temperature, and the equi-
librium between the partial pressure of NHj3 in solution and in the im-
mediate environment at the solution surface. This highlights how
methodology can affect the interpretation of NH{ isotherms, including
the temperature of the solution, the type of vessel used (related to vessel
headspace and closed vs open containers) and if the biochar ash was
removed prior to sorption experiments or not.

Despite clear evidence that pH has implications for biochar sorption
of NHf (Vu et al., 2018), we found a significant variability in the
methodology applied towards pH control throughout the literature.
Biochar is strongly alkaline due to both the predominantly negatively
charged carbon surfaces and to the ash content (Fidel et al., 2017).
Biochar ash, in particular, is a challenge in sorption experiments due to
the potentially high buffering capacity of the secondary carbonates and
the confounding effect of competitive cations (Fidel et al., 2013, 2017,
2018). We identified that only a minority of studies removed the
ash-forming species from biochar. Our results suggest that retaining
these ash-forming species in biochar results in higher estimates of Qpew
(Fig. 3a), which is contrary to the expectation that cations in ash may
compete with NHj for binding sites. Alternately, higher estimates of
Qnew in the presence of ash may have several explanations. For example,
co-precipitation of NHJ with mineral components of the biochar ash can
result in the formation of insoluble minerals such as struvite (Yin et al.,
2018; Fan et al.,, 2019). Such mechanisms are dependent on the
composition of the ash component, which varies with feedstock type
(Chintala et al., 2013; Xiao et al., 2018). The potentially high buffering
capacity of biochar ash could also make pH control of sorption solutions
more challenging.

Increasing biochar HTT resulted in lower estimates of Qpey in all data
subsets although the effect size was low and HTT did not consistently
appear as an explanatory variable in all of the top candidate models.
Biochar HTT is a proxy for a range of biochar properties that change
both linearly and non-linearly as a function of pyrolysis temperature
(Budai et al., 2014). Oxygen and N-containing functional groups are
largely involved in ion exchange mechanisms on biochar surfaces and
are the primary source of biochar CEC (Xiao et al., 2018). Due to the
paucity of CEC data, we applied the elemental molar ratio (O + N):Cas a
proxy for this functionality. As previously discussed, eggshell biochar
confounded this interpretation due to the large amount of mineral O as
compared to that contained in the organic C structure. Excluding bio-
char made from eggshell from our analysis improved the model fit and
resulted in a positive effect of (O + N):C on Qpew (GLM: Est. 1.18, C.I.
0.32-2.04. see Table S5d). The ratio (O + N):C seemed to explain similar
variation in the response as HTT, which was evidenced by the poorer fit
of each variable when both were included in the same model. This is
likely because HTT is collinear with (O + N):C, although negatively so.
Despite the limited number of CEC measurements, CEC was positively
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Fig. 4. CEC vs. Qpew in cmol. kg’l. Symbols refer to study and colour refers to
pH. Activated biochars are included and account for 8 of the 53 measurements
presented. The dotted line represents a 1:1 ratio between CEC and Qpew. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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correlated with Qpey (Fig. 4), but with a high variability in the response.
Solution pH appeared to explain some of this variability with a signifi-
cantly larger difference between measurements of CEC and Qe at so-
lution pH values greater than the pKb of NH{ (Fig. 4 & Fig. S5 in
Supplementary Information). This discrepancy between estimates for
Qmax and CEC has previously been reported in the literature and used as
an argument that mechanisms other than ion exchange also contribute
to explain Quax (Jassal et al., 2015; Fidel et al., 2018). Although we
cannot discard this hypothesis, our results suggest that variability be-
tween CEC and Qpey could also be a function of methodological choices.
Quantification of CEC, as we have already seen with Qnax, can also be
dependent on methodology, such as pH of solutions and biochar
washing prior to measurement (Munera-Echeverri et al., 2018). This
may explain why some studies report significantly lower estimates for
Qmax than for CEC (Fig. 4).

Despite the variance in the data, the average difference between
Qpew and CEC was 2.7 cmol, kg_l which is equivalent to 0.48 mg NH}
g~ ! biochar (Fig. S5 in Supplementary Information). The small size of
this difference is consistent with ion exchange being the dominant
process for the sorption of NHJ to biochar, as reported by several au-
thors (Fidel et al.,, 2018; Zhang et al., 2020). This suggests that
increasing the density of ion exchange sites is a promising way to in-
crease biochar sorption capacity for NHj . Maximising surface functional
groups can be accomplished through choice of pyrolysis temperature,
feedstock, and activation procedure. A meta-analysis by Hassan et al.
(2020) found that sorption of ionic nutrients was favoured by the
abundance of functional groups which was higher at low pyrolysis
temperatures. Hassan et al. (2020) also reported greater abundance of
functional groups for grass and manure biochar by comparison with
wood biochar. This may explain the negative correlation of Qpew wWith
HTT (Table S5 b,c,d in Supplementary Information) and the significantly
lower Qpew values reported for wood biochars in this study (Fig. 2).
Alternatively, this apparent feedstock effect might also be explained by
the quantity and composition of the ash, which is also feedstock-specific.
As we discussed earlier, activation resulted in some of the highest esti-
mates for NHJ sorption in our curated data set. The activation methods
we observed in the literature were focused on methods to enhance the
abundance of functional groups on the surface of biochar either through
post pyrolysis oxidation with acids and bases (Boopathy et al., 2013;
Wang et al., 2016; Zhu et al., 2016; Mia et al., 2017; Vu et al., 2017,
2018; Khalil et al., 2018), or combination of the biochar with minerals
(Wang et al., 2015a; Ismadji et al., 2016; Chen et al., 2017; Gong et al.,
2017; Chandra et al., 2020; Xiao et al., 2020).

Our ability to determine which biochar properties most influence the
sorption of NH{ was limited by the number of studies reporting some of
these key factors and the variability in methods for quantification. For
example, pore volume and specific surface area are considered impor-
tant for the sorption of nutrients by biochar (Gong et al., 2019). How-
ever, the lack of systematic reporting of these parameters and the
variability in quantification methods precluded us from investigating
their possible contributions to Qpew. Our detailed review of the literature
on this topic has emphasised the need to standardise biochar measure-
ment methodologies, as highlighted in previous studies (Bachmann
et al., 2016; Singh et al., 2017). Here we observe that methodology
related to ash removal and pH control, in particular, appear to exert a
significant effect. The results of our modelling exercise also highlight the
need to critically assess the significance of outlier values.

4. Conclusions

Based on our standardized analysis of Qnax, we show that the range
of sorption capacity of fresh, non-activated biochar for NH7 is lower
than previously reported. Outside of our curated range of estimates are
published values for the sorption capacity of biochar that are excep-
tionally high. Although our methods highlighted these estimates as
uncertain, based on possible methodological artefacts, these biochars
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should be a focus of future studies in order to validate whether they are
truly exceptional sorbents of NHj. development of future biochar sor-
bents will require estimates based on consistent methodologies for the
quantification of sorption capacity and associated biochar properties. In
particular, studies should consider the potential interaction effect of
biochar ash on sorption dynamics and interpret results in light of either
the inclusion or exclusion of this component of the biochar.
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