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ABSTRACT: The charging behavior of biochars resulting from
(de)protonation is important for assessing their potential as
adsorbents for in situ immobilization of trace metals in polluted
soils. Here, the pH-charge curves of 20 newly produced biochars
were measured, whereas curves of 16 other biochars were collected
from literature. All 36 biochars were produced from different plant-
based materials at various pyrolysis temperatures. The pH-charging
data were used to derive proton binding parameters for a novel
three-site NICA-Donnan model, accounting for proton binding to
carboxylic (sitea1) and phenolic (sitea2) acidic groups as well as to a
basic (siteb) group. This model successfully described the proton
binding behavior of the 36 biochars at different ionic strengths for
the first time, by extending the classical two-site NICA model with a
basic group in combination with an electrostatic Donnan model using a fixed volume of 0.1 L kg−1. A set of generic proton binding
parameters derived from the data resulted in a relative error of ∼6% for proton adsorption by all 36 biochars. Recommended
parameters are Qa1 = 0.39 mol kg−1, log K̃a1 = 4.55, ma1 = 0.70, Qa2 = 0.59 mol kg−1, log K̃a2 = 8.10, ma2 = 0.80, Qb = 0.39 mol kg−1,
log K̃b = 4.78, and mb = 0.76.
KEYWORDS: Biochar, Functional groups, Proton binding, NICA-Donnan model

1. INTRODUCTION
Biochar is a carbon-rich material derived from pyrolysis of
biomass under oxygen-limited conditions,1 serving various
purposes like air purification, water treatment,2 and soil
remediation.3,4 Biochar amendment of trace metal-polluted
soils will increase the adsorption of trace metals when the soil
binding capacity is limited, decreasing their equilibrium
concentration in soil solution5 and reducing their accumulation
in crops and leaching.6,7 Using biochar as a soil amendment in
soil remediation operations to reduce environmental risks of
polluted soils is more sustainable than conventional
remediation techniques8,9 because biochar application contrib-
utes, for example, to the improvement of important soil
functions like carbon sequestration to mitigate global warming
and water and nutrient retention in support of soil fertility and
agricultural production.10 Most biochars are produced from
plant-based materials like straw and wood,11,12 which are
composed of polysaccharides (cellulose and hemicellulose)
and polyphenols (lignin),13 at a pyrolysis temperature usually
varying between 300 and 600°C.14 Differences in plant
biomass composition and pyrolysis temperature influence
biochar properties including their carbon content, aromaticity,
porosity, surface area, and type and density of surface
functional groups.1,15 Since these properties affect proton

and trace metal binding by biochars, it is crucial to assess their
capacity and affinity to bind trace metals over a wide range in
soil properties including pH and ionic strength in the presence
of other competing/synergistic ions when selecting an
appropriate biochar for in situ soil remediation. This can be
done in standardized laboratory experiments using soil batch
experiments,16 although this approach is laborious because the
effects of many combinations of different soil properties must
be investigated. Alternatively, surface complexation models
(SCM) can be used to obtain a quantitative insight in the
capability of biochars to bind trace metals over a wide range of
relevant soil properties.17,18 Determining the charging behavior
of variable charge adsorbents like biochar as a function of pH
and ionic strength through potentiometric acid−base titrations
and modeling of the protonation reactions are the first steps to
identify the types and densities of reactive groups,19−21 laying
the basis for further model development including a
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quantitative description of trace metal adsorption. The non-
ideal competitive consistent adsorption-Donnan (NICA-
Donnan) model is an advanced SCM used for calculating
ion binding to humic substances including humic acids (HA)
and fulvic acids (FA).19,22,23 The NICA model describes the
intrinsic heterogeneity of carboxylic- and phenolic-type
reactive groups for ion binding to humic substances, with
each group having its own continuous affinity distribution,19

whereas the Donnan model accounts for electrostatic
interactions.22 Deriving generic NICA-Donnan parameters
from extensive datasets of ion binding to HA and FA24,25 has
enabled the successful prediction of pH-dependent trace metal
binding to humic substances in batch systems with FA and/or
HA as well as in various natural soils and aquatic
ecosystems.26−33

Similar to humic substances, biochars have a complex
aromatic skeleton with carboxylic and phenolic groups,34,35

exhibiting intrinsic heterogeneity for ion binding. However, the
charging behavior of both materials is different. Humic
substances are generally negatively charged in the natural soil
pH range.24 In contrast, biochars have a net positive charge in
an acidic environment and a net negative charge in a basic
environment, as they mostly have a point of zero charge (PZC)
in the pH range of ∼6−8.36−38 This charging behavior of
biochars has been attributed to the presence of acidic as well as
basic groups.39,40 Carboxylic- and phenolic-type groups have
been identified as the acidic functional groups of biochar,
whereas the basic group can be attributed to N-containing
heterocyclic structures such as pyridine and graphitic-N.34,35

For describing the acid−base behavior of a series of plant-
based biochars produced at different pyrolysis temperatures, Li
et al.39 used a discrete heterogeneous site-binding model with
two acidic groups and one basic group. More recently, Xiong et
al.21 successfully extended the classical two-site NICA model
with a basic group to describe the chemical heterogeneity of
two washed plant-based biochars in proton adsorption. Yet
another difference between humic substances and biochar is
the bulk structure of the materials. Both biochars and humic
substances normally have a residual net charge (except at the
PZC of biochars), which is neutralized by electrostatic
attraction of counterions and exclusion of co-ions.41,42 Since
humic substances are “soft” matter,43 which can be interpreted
as an open gel-like phase with a smeared-out charge
distribution, a Donnan model approach can be used to
describe electrostatic interactions in the gel.41,42 Although the
Donnan model was successfully used to describe ionic strength
effects on proton binding by humic substances,24 its
applicability to small humic substances has been criticized.44

In contrast to humic substances, biochars consist of porous
solid material.45 Although ionic strength had an impact on
proton binding to biochars, Xiong et al.21 did not use an
electrostatic model to describe these electrostatic effects.
Without an electrostatic model, the proton affinity parameters
of their NICA model should be considered as conditional
constants rather than intrinsic parameters.21 However,
application of electrostatic models to porous solid materials
like biochars is challenging.
For porous hydrous ferric oxide aggregates, a Donnan model

approach has been used for describing electrostatic interactions
in intra-particle pores.46 When diffuse layers in pores overlap as
the Debye length is comparable to the pore diameter, it is
appropriate to assume a constant charge and electrostatic
potential inside the pore space and to use a Donnan model

approach,47 similar to humic substances. Here we test a
Donnan model approach to account for electrostatic effects on
proton binding by biochars, although not all biochar pores
reported in literature justify the assumption of overlapping
diffuse layers. For example, pores of rice straw-based biochars
are mesoporous (2−50 nm),48 whereas most pores in biochars
produced from wood, chicken manure, and water hyacinth
have a diameter <10 nm.49 From our interpretation of data
from Huang et al.,49 the internal surface area of their biochars
largely comes from pores <5 nm, comparable to the Debye
length at an ionic strength of 0.01 M NaCl (∼3 nm). Despite
the variation in reported pore size distributions of biochars,
combining the three-site NICA model with the Donnan model
is a step forward in describing proton adsorption to biochars as
it facilitates the derivation of intrinsic proton affinity
parameters for the NICA model.
We quantified proton adsorption by 20 biochars, produced

from cellulose and lignin mixed at different ratios and maize
straw and pine shaves at pyrolysis temperatures between 300−
600°C using potentiometric acid−base titrations at three ionic
strengths. Furthermore, we digitized pH-charge density curves
of 16 other plant-based biochars from literature.21,39 Our aim is
to derive generic binding parameters for proton adsorption to
biochars using a three-site NICA model combined with the
Donnan model. We characterized selected biochars using a
suite of spectroscopic techniques including NMR, XPS, and
FTIR to validate the presence of the three reactive groups
considered in the model. Finally, we compared the perform-
ance of the recommended generic parameters for describing
proton binding to the 36 biochars against two alternative
scenarios, i.e., one scenario with biochar-specific site density
(Qmax) values but generic binding affinity (log K̃) and
heterogeneity (m) values and another scenario with only
biochar-specific parameters. This scenario analysis will guide
readers in their choice to use either generic parameters or
experimentally derive some or even all of the parameters when
modeling proton binding to a specific plant-based biochar.

2. METHODOLOGY
2.1. Biochar Preparation. Twenty biochars were produced from

three mixtures of pure cellulose and lignin (mass ratio of 9:1, 7:3, and
6:4) and two raw materials including maize straw (MS) and pinewood
shaves (PS) using four pyrolysis temperatures of 300, 400, 500, and
600 °C (Table S1). Powdered cellulose (99.9 wt %, CAS: 9004-34-6)
and lignin (99.9 wt %, CAS: 8068-05-1) were purchased from HWRK
Chemical Co., Ltd, China. The MS was collected near the city of
Tianjin, China, whereas the PS was purchased from a commercial
webshop (Deying Factory Shop, China). The MS and PS were oven-
dried at 60°C and ground to <0.85 mm. Next, 50 g of these materials
was put in a corundum crucible and placed in a sealed muffle furnace.
After 2 h of N2-flushing, the furnace was heated to 60°C within 30
min, followed by a 30 min-heating step to realize the desired pyrolysis
temperature of either 300, 400, 500, or 600°C for 2 h.50 The resulting
biochars were carefully cleaned by two washings with 200 mL 6 M
HCl and one washing with 200 mL 50% (v:v) ethanol, followed by
washing with ultrapure water (Millipore) to remove impurities like
CaCO3 and SiO2 and soluble organic matter,51 and these impurities, if
not removed, may react with protons thus influencing determination
of charge of biochars. The washing with ultrapure water was repeated
until the leachate conductivity was <0.5 μS cm−1. The use of HCl to
wash biochar effectively removes soluble organic matter.52 The
biochars were dried in a vacuum oven at 60°C until constant weight
and stored in polypropylene tubes (Corning).
2.2. Acid−Base Titrations and Spectroscopic Character-

ization. Acid−base titrations were used to quantify the charging
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behavior of the 20 newly-produced biochars as a function of pH (pH
3.5−10.5) at three ionic strengths of 0.01, 0.05, and 0.1 M imposed by
NaCl. The details of the experimental procedure are described in SI-1.
We used cross-polarization magic-angle spinning solid 13C nuclear
magnetic resonance (NMR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), and Fourier-transform infrared spectroscopy
(FTIR) to identify surface functional groups of selected biochars.
Details of these techniques are given in SI-2.
2.3. Literature Data. The pH-charge density curves of 14 plant-

based biochars from Li et al.39 and 2 biochars from Xiong et al.21 were
used to complement our dataset (Table S1). The biochars of Li et
al.39 were produced from two aquatic plant species (Spartina
alterniflora (SA) and Eichhornia crassipes (WH)) at pyrolysis
temperatures between 60−700°C,39 whereas the biochars of Xiong
et al.21 were prepared from pinewood chips (WB) and palm silk (PB)
at a pyrolysis temperature of 400 and 600°C.21 Biochars from both
studies were cleaned by washing with NaOH and HCl, followed by
rinsing with water and air drying (Table S1). Washing is important
because impurities like salts and soluble organic matter51 have to be
removed from biochar as they consume protons and influence acid−
base titration results. However, an adequate description of the
washing procedure is often lacking in acid−base titration studies with
biochar reported in literature, hindering the use of the pH-charging
data. The datasets of Li et al.39 and Xiong et al.21 were selected here,

because, as in our study, they included HCl for biochar washing,
which is effective in removing inorganic minerals.53 Furthermore,
additional data of 169 other plant-based biochars were collected to
investigate the effects of the washing procedure and pyrolysis
temperature on the PZC of biochar (SI-3, Table S2).
2.4. Three-Site NICA-Donnan Model. We adopted the three-

site NICA model (eq 1) with two acidic groups and one basic group
from Xiong et al.21 to describe proton binding to the 20 newly-
produced biochars and the 16 biochars collected from literature21,39

(Table S1):
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where QH is the amount of protons bound (mol kg−1); the subscript ai
refers to the acidic binding sites with i being either acidic site 1
(carboxylic-type groups) or acidic site 2 (phenolic-type groups); the
subscript b refers to the basic site; Qmax,ai and Qmax,b represent the
binding site density of each reactive group (mol kg−1); log K̃ai and log
K̃b are the median values of the proton affinity distribution for each

Figure 1. Experimental pH-charge density curves of the 20 biochars produced in this study measured at an ionic strength of 0.01 M (black circles),
0.05 M (red circles), and 0.1 M NaCl (blue circles). The horizonal dashed line is the zero-charge line, whereas the vertical dashed line indicates the
point of zero charge (PZC).
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group; [HD] is the local proton concentration in the Donnan phase;
and mai and mb reflect the apparent binding site heterogeneity.

We used a Donnan model with a constant VD to describe the
electrostatic effects on proton binding by biochar. This is in contrast
to “soft” humic substances for which VD depends on ionic strength to
reflect their shrinking and swelling behavior.42,54 The Donnan
potential (ΨD) can be calculated, describing the electrostatic potential
difference between the adsorbent phase and the aqueous bulk phase
based on the charge density of biochar at a given pH and ionic
strength.22 Once ΨD is known, [HD] can be calculated from the
product of the Boltzmann factor B, which includes ΨD, and the proton
activity in the aqueous bulk phase (Haq), i.e., [HD] = B(Haq).

22

Subsequently, proton binding can be calculated on the basis of [HD]
rather than (Haq). Consequently, the proton binding affinity
parameters logK̃ no longer depend on ionic strength and can be
considered as non-conditional and intrinsic parameters,54,55 enabling
us to describe the pH-charge density curves measured at different
ionic strengths using one set of model parameters. For optimizing the
three-site NICA-Donnan model parameters, we followed the steps
described in SI-4 and SI-5 using the parameter estimation software
FIT (version 2.581)56 as implemented in the chemical speciation
software ECOSAT (version 4.9).57

3. RESULTS AND DISCUSSION
3.1. Point of Zero Charge. The pH-charge density curves

of the 20 newly-produced biochars measured at the three ionic
strengths of 0.01, 0.05, and 0.1 M are presented in Figure 1.
They have a PZC between pH 4.8−6.6, which can be explained
by the presence of both acidic and basic groups.58,59 We
characterized the surface functional groups of selected biochars
using 13C NMR, XPS, and FTIR. These biochars are highly
aromatized and contain carboxylic and phenolic groups and
basic groups like N-containing heterocyclic structures (i.e.,
pyridine and graphitic-N) (see SI-2, Table S3, Figure 2),
providing experimental evidence for the presence of two acidic
groups and a basic group in the three-site NICA model. In
addition to the 36 biochars used here, we collected PZC data
of 169 other plant-based biochars from literature (Table S2).
The PZC of all 205 biochars varies widely from 1.00 to 12.43
with an average of 7.46 (Figure 3). Multiple factors like raw
material type, pyrolysis temperature, and washing method are
likely to contribute to the variation in PZC.60 No significant
differences were detected between the average PZC of the
biochars grouped by washing method (see SI-3, Figure S1),
although using acid or base to wash biochars can potentially

Figure 2. Spectroscopic analysis of biochars. Figure 2a: 13C NMR spectra of five selected biochars produced in this study at a pyrolysis temperature
of 500°C (500_60C, 500_70C, 500_90C, 500_MS, and 500_PS). In Figure 2b−d: Results of the XPS analysis of the 500_MS biochar, with
deconvolution of carbon (2b), oxygen (2c), and nitrogen (2d). Figure 2e: FTIR spectrum of the 500_MS biochar.
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alter the type and content of surface functional groups by
chemical oxidation and hydrolysis, as has been shown for
humic substances.61−64 For all biochars (including unwashed
biochars and biochars washed with different solutions), the
PZC increased linearly with pyrolysis temperature (p < 0.001,
Figure 3). Likewise, a positive linear relation was found for
biochars washed either with water, HCl, or NaOH/HCl (p <
0.05). Pyrolysis temperature affects the ash content,
aromaticity, and the type and site density of surface functional
groups of biochars,65 which can influence the PZC. This is
supported by the decrease in the density of carboxylic-type
groups of the 36 biochars with pyrolysis temperature (see
Section 3.3).
3.2. Charging Behaviour. When the pH is <PZC, our 20

newly-produced biochars have a net weak positive charge,
whereas they have a net negative charge when the pH is >PZC
(Figure 1). Since the biochars have a net positive charge below
their PZC with the carboxylic-type groups being partly
deprotonated and thus providing negative charge, they must
contain basic groups to overcompensate for this negative

charge. Indeed, this corresponds with our results from the
spectroscopic biochar characterization (see SI-2, Figure 2).
Our findings on the biochar charging behavior are consistent
with earlier observations.21,39 The charge density of our 20
newly produced biochars ranges from 2.63 × 104 to −1.30 ×
105 C kg−1 at pH 4 to 10, whereas this range is from 3.99 × 103
to −1.73 × 105 C kg−1 and 1.43 × 103 to −3.09 × 105 C kg−1

for biochars from Li et al.39 and Xiong et al.,21 respectively.
The net positive charge of biochars below their PZC contrasts
with humic substances,24 which are negatively charged in the
natural soil pH range of 4-10. Biochar has a lower charge
density than humic substances. For example, the charge density
of humic substances varies between −2.7 × 105 and −6.8 × 105
C kg−1 at pH 9,24 whereas it is between −1.18 × 104 and
−1.51 × 105 C kg−1 at the same pH for the 36 biochars studied
here. Furthermore, the ionic strength effect on the charge
density of biochars is greater than for humic substances when
the pH is >PZC, whereas it is weaker when the pH is <PZC.
This weaker ionic strength effect is the result of the limited pH
range when pH is <PZC. For example, the average charge

Figure 3. Relationships between the point of zero charge (PZC) and pyrolysis temperature for all biochars, all unwashed biochars, and biochars
grouped according to the washing method (n represents the number of biochars). The blue circle with error bar represents the mean PZC and
mean pyrolysis temperature of the grouped biochars, whereas the red solid lines represent the results of the linear regression analysis including the
R2

adj and the level of significance. The level of significance was expressed using * for p < 0.05 and *** for p < 0.001. The red circles (○) in Figure
3e represent the PZC of the 20 biochars produced in this study, whereas the green circles (○) and the purple circles (○) in Figure 3l represent the
16 biochars taken from Li et al.39 and Xiong et al.,21 respectively.
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density of our 20 newly-produced biochars at pH 9 increased
by 10% (from −3.50 × 104 to −3.84 × 104 C kg−1) when the
ionic strength increased from 0.01 to 0.1 M. For the same pH
and ionic strength conditions, the charge densities simulated
with generic NICA-Donnan model parameters24 increased by
3% for FA (from −5.77 × 105 to −5.95 × 105 C kg−1) and 5%
for HA (from −3.86 × 105 to −4.04 × 105 C kg−1). In contrast,
the average charge density of our 20 newly-produced biochars
at pH 4 increased by 4% (from 1.02 × 104 to 1.06 × 104 C
kg−1) when the ionic strength increased from 0.01 to 0.1 M,
whereas the charge densities of FA and HA for the same

conditions increased by 15% (from −2.68 × 105 to −3.09 ×
105 C kg−1) and 29% (from −1.12 × 105 to −1.44 × 105 C
kg−1), respectively.
3.3. Modeling Proton Binding to Individual Biochars.

The three-site NICA-Donnan model was fitted to the pH-
charge density curves of all 36 biochars used in this study to
derive the proton binding parameters for each individual
biochar following the steps in SI-4. Fitting with a free-to-float
VD parameter was unsuccessful because the iteration process in
the FIT program did not converge into a solution for VD. This
is probably because the three-site NICA-Donnan model has

Table 1. Proton Binding Parameters of the Three-Site NICA-Donnan Model Derived for the 20 biochars Produced in This
Study and the 16 Other Biochars from Li et al.39 and Xiong et al.21a

Biochar
Qmax,a1

(mol kg−1)
Qmax,a2

(mol kg−1)
Qmax,b

(mol kg−1) log K̃a1 log K̃a2 log K̃b ma1 ma2 mb
c R2

RMSE1
(mol kg−1)

RMSE2
(mol kg−1)

RMSE3
(mol kg−1)

300_90C 0.47 0.60 0.58 4.43 7.92 4.64 0.73 0.98 0.92 0.96 0.35 0.06 0.06
300_MS 0.33 0.51 0.38 4.37 6.93 4.69 0.55 0.78 0.92 0.97 0.08 0.11 0.07
300_70C 0.42 0.85 0.72 3.32 7.90 5.08 0.52 0.98 0.77 0.57 0.36 0.45 0.29
300_PS 0.48 0.53 0.72 5.34 7.46 5.75 0.55 0.98 0.92 0.86 0.42 0.40 0.17
300_60C 0.52 0.89 0.53 3.16 9.53 6.99 0.55 0.73 0.78 0.21 0.52 0.57 0.42
400_90C 0.39 0.76 0.44 4.20 8.06 5.03 0.55 0.98 0.95 0.95 0.07 0.07 0.07
400_MS 0.24 0.28 0.30 4.21 6.96 4.54 0.59 0.79 0.86 0.91 0.09 0.11 0.07
400_70C 0.23 0.33 0.35 4.61 8.11 5.28 0.55 0.98 0.85 0.95 0.17 0.05 0.05
400_PS 0.43 0.85 0.44 3.75 8.55 4.56 0.52 0.67 0.63 0.91 0.09 0.11 0.09
400_60C 0.19 0.45 0.28 3.59 7.89 4.78 0.55 0.95 0.98 0.96 0.13 0.05 0.04
500_90C 0.25 0.45 0.26 4.61 8.67 5.35 0.55 0.95 0.89 0.97 0.17 0.07 0.03
500_MS 0.21 0.26 0.24 3.65 9.01 5.20 0.91 0.83 0.61 0.96 0.19 0.04 0.03
500_70C 0.21 0.60 0.11 4.41 8.62 5.20 0.55 0.95 0.98 0.99 0.23 0.13 0.02
500_PS 0.26 0.24 0.31 3.01 7.46 4.67 0.83 0.92 0.98 0.94 0.11 0.06 0.04
500_60C 0.39 0.25 0.41 5.78 8.22 5.81 0.95 0.92 0.98 0.89 0.14 0.12 0.09
600_90C 0.34 0.22 0.37 3.60 7.68 5.04 0.82 0.93 0.88 0.90 0.12 0.07 0.07
600_MS 0.43 0.92 0.43 4.99 7.88 4.94 0.95 0.68 0.87 0.84 0.13 0.15 0.11
600_70C 0.16 0.46 0.23 4.19 7.57 5.89 0.95 0.71 0.78 0.82 0.13 0.10 0.08
600_PS 0.26 0.48 0.35 4.21 8.03 5.25 0.95 0.66 0.69 0.90 0.11 0.08 0.07
600_60C 0.25 0.41 0.22 4.28 8.12 4.76 0.95 0.71 0.86 0.83 0.13 0.08 0.08
60_SA 0.41 0.81 0.25 2.81 7.58 2.67 0.74 0.43 0.47 1.00 0.23 0.18 0.02
60_WH 1.08 0.81 0.45 6.71 8.84 8.91 0.86 0.68 0.66 1.00 0.18 0.76 0.03
200_SA 0.58 0.62 0.28 5.90 8.13 3.91 0.65 0.69 0.89 1.00 0.10 0.10 0.01
200_WH 0.88 0.90 0.49 6.93 10.34 3.70 0.71 0.76 0.74 0.98 0.09 0.49 0.04
300_SA 0.53 0.64 0.29 5.71 8.15 4.11 0.63 0.74 0.59 1.00 0.08 0.08 0.01
300_WH 0.74 0.99 0.50 7.14 9.17 4.28 0.71 0.76 0.71 1.00 0.12 0.43 0.02
400_SA 0.47 0.69 0.30 3.96 7.92 5.13 0.63 0.76 0.59 0.99 0.10 0.04 0.03
400_WH 0.66 1.06 0.51 6.26 9.31 3.16 0.63 0.74 0.76 0.99 0.05 0.30 0.03
500_SA 0.27 0.50 0.35 3.20 6.31 3.32 0.57 0.76 0.59 0.98 0.13 0.22 0.07
500_WH 0.42 0.93 0.55 4.35 8.50 4.62 0.62 0.77 0.67 0.95 0.06 0.09 0.02
600_SA 0.32 0.61 0.39 3.85 6.95 3.20 0.72 0.65 0.59 1.00 0.13 0.17 0.03
600_WH 0.54 0.91 0.64 4.87 8.90 5.02 0.74 0.79 0.64 0.99 0.06 0.17 0.02
700_SA 0.48 0.62 0.40 5.67 8.10 3.24 0.71 0.74 0.57 1.00 0.06 0.05 0.02
700_WH 0.60 0.93 0.72 5.76 8.93 5.56 0.71 0.76 0.62 0.98 0.12 0.26 0.03
400_PB 0.15 0.20 0.11 3.66 7.14 4.42 0.76 0.49 0.62 1.00 0.14 0.04 0.02
600_WB 0.10 0.08 0.09 3.80 6.82 5.56 0.91 0.56 0.32 0.99 0.19 0.01 0.01
Max 0.88 1.06 0.72 7.14 10.34 6.99 0.95 0.98 0.98 1.00 0.52 0.76 0.42
Min 0.1 0.08 0.09 3.01 6.31 3.16 0.52 0.49 0.32 0.21 0.05 0.01 0.01
Mean 0.39 0.59 0.39 4.55 8.10 4.78 0.70 0.80 0.76 0.92d 0.15 0.17 0.06
95% lower
CIb

0.34 0.51 0.33 4.18 7.82 4.46 0.65 0.73 0.70 0.87 0.12 0.12 0.04

95% upper
CI

0.48 0.69 0.44 4.95 8.39 5.22 0.75 0.83 0.81 0.97 0.19 0.23 0.09

SDc 0.18 0.26 0.16 1.05 0.84 0.83 0.15 0.13 0.16 0.15 0.10 0.17 0.08
CVd (%) 45 45 42 23 10 17 21 16 21 16 67 99 122
aThe RMSE1, RMSE2, and RMSE3 values refer to root-mean-squared error of modeling scenario 1, 2, and 3. For scenario 1, the generic model
parameters were used, whereas biochar-specific Qmax values and generic log K̃ and m values were used in scenario 2. For scenario 3, all parameters
are biochar-specific. The R2 given here is for scenario 3. For the Donnan model, a fixed VD of 0.1 L kg−1 was used in all three scenarios.
bConfidence interval. cStandard deviation. dCoefficient of variation.
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three extra parameters for the basic group requiring fitting as
compared to the classical two-site model. Alternatively, we
used a constant VD for all biochars in the Donnan model. The
VD was derived by step-wise increasing the volume from 0.01
to 1 L kg−1, while testing R2 and the root-mean-squared error
(RMSE) of the experimental versus modelled data (see SI-5).
In the end, a VD of 0.1 L kg−1 was chosen because the average
R2 increased whereas the RMSE decreased when increasing VD
from 0.01 to 0.1 L kg−1 (Figure S2). Increasing VD from 0.1 to
1 L kg−1 did not further increase the R2 and decrease the
RMSE. The VD of 0.1 L kg−1 is higher than the average pore
volume of 0.04 L kg−1 of wood-, chicken manure-, and water
hyacinth-based biochars pyrolyzed at a temperature of 300°C
but lower than the pore volume of 0.15 L kg−1 for biochars of
the same materials pyrolyzed at 600°C.49 Since the biochar
pore volume increases with pyrolysis temperature,66 the fitted
generic VD of 0.1 L kg−1 for all 36 biochars used in our work
should be interpreted as an average pore volume, as they were
produced at temperatures between 60−700°C (Table S1).
The pH-charge density curves of the 36 biochars could be

well described with the three-site NICA-Donnan model using
biochar-specific parameters with an R2 = 0.82−1.00, except for
two biochars with an R2 = 0.21 and 0.57 (Table 1). The site
density Qmax for the 36 biochars varies between 0.1−0.88,
0.08−1.06, and 0.09−0.72 mol kg−1 for the carboxylic-type
(sitea1), phenolic-type (sitea2), and basic (siteb) groups,
respectively. The median proton affinity constant log K̃ of

the two acidic groups is between 3.01−7.14 (log K̃a1) and
6.31−10.34 (log K̃a2), whereas log K̃b varies between 3.16−
6.99. The heterogeneity parameter (m) is between 0.52−0.95
(ma1), 0.49−0.98 (ma2), and 0.32−0.98 (mb).
Compared to the generic NICA-Donnan parameters for FA

and HA, the biochars have on average less carboxylic- (Qmax,a1
= 0.39 mol kg−1) and phenolic-type groups (Qmax,a2 = 0.59 mol
kg−1) (Table 1) than FA (Qmax,a1 = 5.88 mol kg−1, Qmax,a1 =
1.86 mol kg−1) and HA (Qmax,a1 = 3.15 mol kg−1, Qmax,a2 = 2.55
mol kg−1).24 Hence, the average total content of reactive acidic
groups (i.e., Qmax,a1 + Qmax,a2) of biochar is ∼8 and ∼6 times
lower than the total content of FA and HA, respectively. Since
the biochar structure is more aromatized and ordered
compared to humic substances, fewer carbon atoms are
present in surface functional groups.67 For humic substances,
the site density of carboxylic-type groups is higher than for the
phenolic-type groups.24 For biochar, however, the opposite
was found as phenolic-type groups have the highest density
among the three reactive groups, consistent with their more
aromatic character. Furthermore, the affinity of carboxylic-type
groups of biochar for proton binding is higher (log K̃a1 = 4.55)
than the affinity of the same type of groups of both FA (log K̃a1
= 2.34) and HA (log K̃a1 = 2.93). Hence, carboxylic-type
groups in biochar are less acidic. In contrast, the log K̃a2 of the
phenolic-type groups of biochar (8.10) agrees reasonably well
with the log K̃a2 of FA (8.60), whereas it is close to the log K̃a2
of HA (8.00).24 In the NICA model concept,19 each type of

Figure 4. Correlations between the three-site NICA-Donnan parameters based on the results of biochar-specific model parameters of the 36
biochars studied in the current work (Table 1). The correlation coefficients are indicated by the color scale. The level of significance was expressed
using * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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reactive group contains a range of similar groups, which are
influenced by their nearby molecular structures. This will, in
turn, lead to heterogeneity in the binding affinity toward
protons as described by the heterogeneity parameter m. Since
m is higher and closer to 1 for both the carboxylic- and
phenolic-type groups of biochar (ma1 = 0.70, ma2 = 0.80)
compared to FA (ma1 = 0.38, ma2 = 0.53) and HA (ma1 = 0.50,
ma2 = 0.26), there is less heterogeneity in proton binding
affinity by carboxylic- and phenolic-type groups of biochar than
for humic substances. This can be explained by the
concentration of carbon as aromatic carbon and the emergence
of a highly-ordered graphite-like structure during biomass
pyrolysis,68−70 translating into a less variable chemical
structure of biochars. The heterogeneity parameter m of the
three reactive groups in the three-site NICA-Donnan model
for the 36 biochars decreases in the order of ma2 > mb > ma1.
Hence, the heterogeneity in proton binding affinity by the
three reactive groups follows the order of sitea1> siteb > sitea2.
The NICA model parameters were further analyzed by

exploring how they relate to pyrolysis temperature (Figure S3).
The Qmax,a1 decreases linearly with pyrolysis temperature (p <
0.01) whereas ma1 increases linearly with temperature (p <
0.05), consistent with the observed formation of a highly-
ordered aromatic carbon structure with the increase of
temperature.68 ,69 For the other NICA model parameters, no
significant relationships with pyrolysis temperature were

observed. The decrease in the site density of the carboxylic-
type groups with pyrolysis temperature explains why the PZC
of biochars washed either with HCl or NaOH/HCl increases
with temperature (Figure 3). Furthermore, we have performed
a correlation analysis of the NICA model parameters fitted for
our 36 biochars (Figure 4). There is a significant positive
correlation (p < 0.01) among the site densities (Qmax) of all the
three types of sites. Likewise, there is a significant positive
correlation between the protonation constants (log K̃) of the
two acidic groups and their site densities (Qmax) (p < 0.01).
The proton affinity constant of the basic group (log K̃b) is not
significantly correlated with any of the model parameters.
However, the heterogeneity parameter of the basic group (mb)
is significantly positively correlated with the heterogeneity
parameter of the phenolic-type groups (ma2) (p < 0.001), and
both mb and ma2 are significantly negatively correlated with the
site density of the phenolic-type groups (p < 0.05). The model
parameters of the basic group are even better correlated with
those of the phenolic-type groups than with those of the
carboxylic-type groups. This further indicates the necessity to
include the basic group in the NICA model. However, the
correlations between the model parameters make it even more
complicated to simultaneously fit the NICA model parameters
for all 36 biochars, as is discussed further in Section 3.4.
Therefore, we have derived our generic parameters using the
average values of all biochars.

Figure 5. pH-charge density curves of two biochars (i.e., 500_70C and 600_WB) at different ionic strength (0.01, 0.05, and 0.1 M NaCl) measured
and modelled with three-site NICA (a and b) and three-site NICA-Donnan model (c and d) and the Donnan potential calculated (e and f).
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For the three-site NICA model used by Xiong et al.,21 the
average log K̃a1, log K̃a2, and log K̃b values of their two biochars
changed from 3.49 to 3.60, 9.42 to 8.41, and 6.84 to 5.98,
respectively, when the ionic strength increased from 0.01 to 0.1
M. The pH-charge density curves of two biochars, i.e.,
500_70C (prepared in our study) and 600_WB (originally
named TWB in Xiong et al.21) measured at three ionic
strengths are described in Figure 5, using either the three-site
NICA model with the biochar-specific but ionic strength-
dependent log K̃ and m parameters or the three-site NICA-
Donnan model with one set of biochar-specific proton binding
parameters as derived here (Table 1). For our 500_70C
biochar, we fitted the conditional log K̃ and m parameters
ourselves, whereas we used the conditional log K̃ and m
parameters for the 600_WB biochar from Xiong et al.21

Clearly, the pH-charge density curves can be modelled just as
well with our single set of intrinsic three-site NICA-Donnan
parameters as with the ionic-strength-dependent parameters.
The log K̃a1 values derived for the 500_70C and 600_WB

biochars using our three-site NICA-Donnan model (Table 1)
are higher than the ionic strength-dependent log K̃a1 values of
the three-site NICA model from Xiong et al.21 (ionic strength
range = 0.01−0.1 M; 500_70C: log K̃a1 = 4.03−4.36;
600_WB: log K̃a1 = 3.45−3.58), whereas the log K̃a2 and log
K̃b values derived for these biochars with our model (Table 1)
are lower than those of the three-site NICA model (ionic
strength range = 0.01−0.1 M; 500_70C: log K̃a2 = 10.77−
10.38, log K̃b = 6.85−6.7; 600_WB: log K̃a2 = 9.12−8.33, log
K̃b = 6.96−6.35). Since ΨD decreased from being positive
when the pH is <PZC to negative when the pH is >PZC
(Figure 5), [HD] changes from being lower than (Haq) to
higher than (Haq). For example, ΨD varied from 10 to −130
mV for the 600_WB biochar when the pH increased from 3.5
to 10.5 at an ionic strength of 0.01 M. Since the log K̃a1 values
of the 500_70C and 600_WB biochars are below the PZC,
they have a positive charge and ΨD. Consequently, [HD] is
lower than (Haq), explaining why the intrinsic log K̃a1 values of
our three-site NICA-Donnan model are higher than the
conditional log K̃a1 values of Xiong et al.21 Since the log K̃a2

and log K̃b values of both biochars are above the PZC where
they have a negative charge and ΨD, [HD] is higher than (Haq).
Consequently, the intrinsic log K̃a2 and log K̃b values of our
three-site NICA-Donnan model are lower.
3.4. Generic Three-Site NICA-Donnan Model Param-

eters. For predicting the “average” charging behavior of a
biochar when specific NICA-Donnan parameters for a
particular biochar are unavailable, generic parameters are
needed. Generic NICA-Donnan model parameters have been
derived for FA and HA by Milne et al.24 We attempted to
derive the generic three-site NICA-Donnan model parameters
for biochar in a simultaneous fit of the pH-charge density
curves of all 36 biochars. In our approach, each curve
contributed equally to the overall dataset, while the nine
parameters (Qmax, log K̃ and m for three types of sites) of the
NICA model were optimized simultaneously and VD was fixed
at 0.1 L kg−1. However, this approach, as Milne et al.24

experienced as well, was unsuccessful, which in both cases was
probably due to the large number of parameters requiring
simultaneous optimization71 and parameters not being
independent of each other (Figure 4).31,71,72 Our model
considers three types of sites rather than the two as in the work
of Milne et al.24 Hence, simultaneous fitting of all parameters is
even more challenging in our case. Milne et al.24 solved this
problem by deriving the generic log K̃ and m in a first fitting
step and the generic Qmax in a second one, using an adapted
version of the FIT program56 with a maximum capacity of 16
datasets. Milne et al.24 limited the number of FA and HA
datasets to 11 and 15, respectively, by excluding datasets with
either a short pH range or for which the fit quality of the
individual proton binding parameters was low. Since the pH
range used in the acid−base titration experiments was broad
for all 36 biochars (Table S1) and because the proton binding
behavior of nearly all individual biochars could be well
described by our biochar-specific parameters, we took the
means of the biochar-specific parameters as generic values
(Table 1). This approach is reasonable because the mean
values of most NICA model parameters for individual FA and
HA were close to their generic values derived by Milne et al.24

Figure 6. Figure 6a: An overview of the experimental pH-charge density curves of the 36 biochars, including the 20 biochars produced in this study
and the 16 other biochars from Li et al.39 and Xiong et al.21 at an ionic strength of 0.01, 0.05, and 0.1 M NaCl. The dashed line represents the curve
calculated at an ionic strength of 0.05 M NaCl using the three-site NICA-Donnan model with generic proton binding parameters (Table 1). Figure
6b: pH-charge density curves of the two acidic-type groups and the basic group as well as the net charge of an “average” biochar calculated using
our generic three-site NICA-Donnan model parameters at three different ionic strengths. Sitea1 represents carboxylic-type groups, sitea2 represents
phenolic-type groups, and siteb represents basic groups.
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(<4% difference). In Figure 6, we compared the pH-charge
density curve of an “average” biochar at an ionic strength of
0.05 M NaCl as calculated using our set of recommended
generic proton binding parameters to the experimental curves
of all 36 biochars.
On the basis of our set of generic parameters, the charge of

each of the three types of reactive groups considered in the
NICA-Donnan model was calculated as a function of pH and
ionic strength (Figure 6). Each site can exist in a protonated
and deprotonated form: sitea1H0 , sitea1H− , sitea2H0 , sitea2− , sitebH+ ,
and siteb0. Hence, the net charge of these sites equals the sum of
(sitea1− ) + (sitea2− ) + (sitebH+ ). From a low pH (e.g., pH 3) to a
pH of ∼5, siteb becomes less positively charged whereas sitea1
becomes more negatively charged. Since the site density as well
as the log K̃ values of the carboxylic- and basic-type groups are
close to each other (Table 1), the negative and positive charge
of these reactive groups compensate each other when the pH
equals their log K̃, with the net charge of the biochar becoming
zero, i.e., the PZC. When the pH is >PZC, the positive charge
of the basic group can no longer fully compensate the negative
charge of the carboxylic-type groups and the net charge
becomes negative. When the pH is >7, the phenolic-type
groups start to deprotonate, resulting in an even more net
negative charge of the biochar. For the charging curve of each
individual group, the log K̃ corresponds to the midpoint of the
S-shaped curve, Qmax determines the maximum charge, and m
determines the smoothness of the curve. When m becomes
smaller, the binding site heterogeneity increases, leading to a
smoother curve. The ionic strength influences the charge of
each group the most at a pH close to their log K̃ because at this
pH protonation of binding sites and the resulting charge are
most sensitive to a change in the local proton concentration in
the Donnan phase [HD]. The [HD] is influenced by the
Donnan potential ΨD, which changes with ionic strength at a
given pH. At a pH further away from the log K̃, the sites are
either almost fully protonated (low pH) or deprotonated (high
pH). Therefore, a change in the ionic strength will influence
the charge and protonation of a specific group to a lesser extent
than at a pH close to its log K̃.
To enable the reader to make a well-considered choice to

either use a set of generic NICA-Donnan parameters or to
experimentally derive some or all of the parameters when
modeling proton binding to a specific plant-based biochar, we
compared the performance of our generic parameters for
describing proton binding to all 36 biochars (scenario 1)
against two alternative scenarios in which either a combination
of biochar-specific and generic parameters (scenario 2) or only
biochar-specific parameters (scenario 3) were used. For
scenario 2, we used biochar-specific Qmax values for each of
the three reactive groups in combination with generic log K̃
and m values. We have chosen to use biochar-specific Qmax
values in this scenario as Qmax shows the largest degree of
variation among the proton binding parameters, with a
coefficient of variation (CV) of 42−45% (Table 1). The CV
of log K̃ follows the order of log K̃a1 (23%) > log K̃b (17%) >
log K̃a2 (10%). For the heterogeneity parameter m, the CV is
21% (ma1), 16% (ma2), and 21% (mb). For the three scenarios,
we calculated the RMSE of the experimental versus modelled
data for all individual biochars (Table 1). Obviously, using
biochar-specific parameters (scenario 3) gives the best fit, with
an average RMSE of 0.06 ± 0.08 mol kg−1. When experimental
acid−base titration data are available, deriving biochar-specific
three-site NICA-Donnan model parameters will lead to the

best possible description of the charging behavior for the
biochar of interest. The average RMSE of scenario 1 is 0.15 ±
0.10 mol kg−1 when all three-site NICA model parameters are
generic. The use of a biochar-specific Qmax in combination with
generic log K̃ and m (scenario 2) leads to an average RMSE of
0.17 ± 0.17 mol kg−1. Hence, the goodness-of-fit of scenario 1
with only generic parameters is even slightly better than the fit
quality of scenario 2 when biochar-specific Qmax values are
used. When titration data of a particular plant-based biochar
are unavailable, one can thus generate its pH-charge density
curve best by using the full set of recommended generic three-
site NICA-Donnan model parameters as derived in this study
(Table 1). Scaling the RMSE of scenario 1 using only generic
parameters against the absolute range in proton adsorption
across all 36 biochars yields a relative error of ∼6%. For humic
substances, the same approach gives an error of 10% (FA) and
11% (HA).24 Hence, the generic proton binding parameters
for biochars recommended here (Table 1) have an even better
predictive capability than the generic parameters derived by
Milne et al.24 for FA and HA, while they have extensively
demonstrated their value in modelling proton binding to
humic substances as a prerequisite for modelling proton
buffering and pH-control73 and the bioavailability and mobility
of trace metals in natural soils and aquatic systems.26−33

3.5. Environmental Implications. The set of generic
proton binding parameters of the three-site NICA-Donnan
model derived for the plant-based biochars in this study lays
the basis for further model parameterization that includes
binding parameters for trace metals. This will facilitate
application of the three-site NICA-Donnan model to assess
the capacity and affinity of biochars to bind trace metals like
Cd, Cu, Ni, Pb, and Zn over a wide range in soil properties
including pH, ionic strength, and the presence of other
competing/synergistic ions. Embedding the three-site NICA-
Donnan model in a so-called process-based multi-surface
modelling (MSM) approach74 subsequently enables evaluation
of the solid-solution partitioning and speciation of trace metals
in polluted soils amended with biochar as a potential
remediation strategy. In the MSM approach, separate SCMs
are combined for each of the reactive components present in
soils, including organic matter, clay minerals, and Fe- and Al-
oxides, while embedding the three-site NICA-Donnan model
would add biochar as an additional reactive surface and extend
the applicability of this approach to biochar-amended soils.
Since mechanistic SCMs are independent of environmental
conditions (e.g., pH and ionic strength),74 the MSM approach
including the three-site NICA-Donnan model is applicable to
soils with a wide range in soil properties.75,76 Additionally,
SCMs account for the presence of competitive ions,74 which is
of pivotal importance as multiple trace metals are often
simultaneously present at elevated levels in polluted soils.76,77

An essential next step toward this goal is to collect
experimental data on the binding of various trace metals by
plant-based biochars to derive trace metal binding parameters
for the three-site NICA-Donnan model, analogous to the
approach taken for the classical two-site NICA model for FA
and HA.25 Likewise, derivation of binding parameters for
oxyanionic pollutants like arsenite (AsO3

3−) and arsenate
(AsO4

3−) is important, as these anions can also bind to
biochar, especially in case of a pH <PZC when the net surface
charge is positive.78 This perspective of a MSM extended with
the three-site NICA-Donnan model and binding parameters
for protons, metals, and oxyanions as outlined above is also
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highly relevant for the potential use of biochar as a soil
amendment in the context of improving important soil
functions such as water and nutrient retention in support of
soil fertility and agricultural production.10 In this context, trace
metals like Cu and Zn are essential micronutrients for crop
growth79 but can become toxic when present in excess. The
application of biochar to agricultural soils with low levels of
micronutrients like Cu and Zn can potentially lead to a
reduction in the bioavailability of these essential micro-
nutrients for uptake by arable crops.80,81 The same can happen
with macronutrients such as nitrogen in the form of NH4

+, K,
and phosphate, as they can bind to biochar as well.82−84

Application of biochar thus requires careful tailoring to the
targeted soil function and specific soil properties, which can be
strongly facilitated by the outlined further parameterization
and implementation of the three-site NICA-Donnan model in
MSM frameworks. This perspective then also extends to
evaluation of potential beneficial and/or adverse side effects of
biochar application for the purpose of soil carbon sequestra-
tion.
3.6. Conclusions. In this study, the pH-charge curves of 20

newly-produced biochars were measured, whereas curves of 16
other biochars were collected from literature. All 36 biochars
were produced from different plant-based materials at various
pyrolysis temperatures. The pH-charging data were used to
derive proton binding parameters for a novel three-site NICA-
Donnan model, accounting for proton binding to carboxylic
(sitea1) and phenolic (sitea2) acidic groups as well as to a basic
(siteb) group. The key findings are as follows: (i) The pH-
charge density curves of the 20 newly-produced biochars
measured at the three ionic strengths of 0.01, 0.05, and 0.1 M
revealed a PZC between pH 4.8−6.6, which can be explained
by the presence of both acidic and basic groups. When the pH
is <PZC, the biochars have a net weak positive charge, whereas
they have a net negative charge when the pH is >PZC. (ii) The
model successfully described the proton binding behavior of
the 36 biochars at different ionic strengths for the first time, by
extending the classical two-site NICA model with a basic group
in combination with an electrostatic Donnan model using a
fixed volume of 0.1 L kg−1. (iii) A suite of spectroscopic
techniques including NMR, XPS, and FTIR was used to
validate the presence of the three types of reactive groups
considered in the model. The results of the spectroscopic
characterization of selected biochars confirmed the presence of
carboxylic and phenolic groups and basic groups like N-
containing heterocyclic structures (i.e., pyridine and graphitic-
N). (iv) The proton binding parameters of the 36 biochars
were used to derive a set of generic parameters, which can be
used for modeling when specific parameters for a particular
biochar are unavailable. Application of the recommended
generic parameters resulted in a relative error of ∼6% for
proton adsorption by all 36 biochars. (v) The set of generic
proton binding parameters of the three-site NICA-Donnan
model derived for the plant-based biochars in our study lays
the basis for further model development including a
quantitative description of trace metal adsorption.
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Contreras, N. E.; García-Nuñ́ez, J. A. Adsorption of Ammonium
and Phosphates by Biochar Produced from Oil Palm Shells: Effects of
Production Conditions. Results in Chemistry 2021, 3, 100119.
(84) Bilias, F.; Kalderis, D.; Richardson, C.; Barbayiannis, N.;
Gasparatos, D. Biochar Application as a Soil Potassium Management
Strategy: A Review. Science of The Total Environment 2023, 858,
159782.

ACS Sustainable Resource Management pubs.acs.org/acssrm Article

https://doi.org/10.1021/acssusresmgt.3c00104
ACS Sustainable Resour. Manage. 2024, 1, 707−720

720

https://doi.org/10.1071/EN16039
https://doi.org/10.1071/EN16039
https://doi.org/10.1071/EN16039
https://doi.org/10.1021/es0505806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/etc.2642
https://doi.org/10.1002/etc.2642
https://doi.org/10.1021/es010085j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es010085j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.geoderma.2022.115970
https://doi.org/10.1016/j.geoderma.2022.115970
https://doi.org/10.1016/j.geoderma.2022.115970
https://doi.org/10.1007/s11368-009-0075-z
https://doi.org/10.1007/s11368-009-0075-z
https://doi.org/10.1007/s11368-009-0075-z
https://doi.org/10.1016/j.gsd.2022.100740
https://doi.org/10.1016/S0065-2113(02)77015-6
https://doi.org/10.1016/S0065-2113(02)77015-6
https://doi.org/10.1016/j.scitotenv.2017.11.236
https://doi.org/10.1016/j.scitotenv.2017.11.236
https://doi.org/10.1016/j.scitotenv.2017.11.236
https://doi.org/10.1016/j.chemosphere.2021.133349
https://doi.org/10.1016/j.chemosphere.2021.133349
https://doi.org/10.1007/s10311-022-01519-5
https://doi.org/10.1007/s10311-022-01519-5
https://doi.org/10.1016/j.rechem.2021.100119
https://doi.org/10.1016/j.rechem.2021.100119
https://doi.org/10.1016/j.rechem.2021.100119
https://doi.org/10.1016/j.scitotenv.2022.159782
https://doi.org/10.1016/j.scitotenv.2022.159782
pubs.acs.org/acssrm?ref=pdf
https://doi.org/10.1021/acssusresmgt.3c00104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

