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Abstract
When biochar (BC) is applied to soil, one process that can alter its properties and contaminant sorption is the leaching of minerals
and dissolved organic carbon (DOC). This study investigated changes in properties of three BCs (cattle manure, grain husk, and
wood chips), due to leaching, and the subsequent impact on sorption of trichloroethylene (TCE) and tetrachloroethylene (PCE).
Themanure-derived BC released 27.4mg g−1 DOC, which is over ten times more than that measured for the two plant-based BCs
(2.5 and 1.5 mg g−1 DOC for grain husk and wood chips, respectively). In all leachates, potassium is the dominant cation,
whereas chloride, sulfate, and phosphate are the main anions. In total, the manure-derived biochar released the highest sum of
total ions (73.1 mg g−1), followed by BC produced from grain husk (15.5 mg g−1) and wood chips (1.2 mg g−1). Leaching
increased external surface area, mesopore volume, and hydrophobicity of the manure-derived BC and decreased its polarity. This
enhanced sorption via partitioning. In plant-based BCs, micropore volume and size distribution were altered, most likely through
the un-blocking of pores, causing increased sorption via pore-filling for both TCE and PCE. The results indicate that, depending
on feedstock material, BC leaching can alter the environmental fate of organic compounds.
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Introduction

Sorbent materials prepared from biomass such as biochar
(e.g., Zama et al. 2018) or activated carbon (e.g., Leite et al.
2018) are currently attracting increased attention in the scien-
tific community. Biochar (BC) is a carbon-rich material

produced via pyrolysis of organic material in an oxygen-
limited atmosphere (Lehmann and Joseph 2009). In recent
years, BC has sparked strong research interest due to its po-
tential to confer a wide array of benefits when applied to soil
(e.g., Xiao et al. 2018; Zhang et al. 2018). These include
carbon sequestration (Lehmann and Joseph 2009), as well as
agricultural benefits such as improved soil properties (Gul
et al. 2015) and crop yield (Graber et al. 2010; Kumar et al.
2018). In addition, adding BC to soils of sites contaminated
with inorganic and organic compounds can assist in their re-
mediation (e.g., Kumar et al. 2016; Zhang et al. 2013).

When BC is used in remediation, the long-term effective-
ness of sorption processes that reduce the mobility of contam-
inants is of prime interest (Ren et al. 2018). However, BC
properties are affected by environmental exposure and inter-
action with the soil environment, which is summarized by the
term “aging.” Aging refers to several processes including
leaching of minerals and organic carbon (OC) (Trigo et al.
2014), alteration of surface functional groups (Luo et al.
2017), and surface or pore blocking by organic matter
(Kwon and Pignatello 2005) and minerals (Lin et al. 2012b).
These mechanisms can significantly alter BC sorption behav-
ior for organic contaminants. Reported effects of aging are
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diverse, ranging from increased sorption of herbicides (Trigo
et al. 2014) to greatly attenuated sorption of nonionic organic
compounds (Luo et al. 2017), and seem to depend on multiple
factors like soil and initial BC characteristics, as well as com-
pound properties.

Several studies have shown that leaching of minerals and
OC from BC is one key process that occurs over the course of
its aging. Studies examining leaching impact focus on nutrient
release (Zhao et al. 2013), BCs’ environmental fate and sta-
bility (Liu et al. 2018; Spokas et al. 2014), potential toxicity of
BC-derived compounds (Smith et al. 2016), and the complex-
ation between organic contaminants and released dissolved
organic carbon (DOC) (Fu et al. 2018).

Two studies recently investigated the changes in sorption
of organic compounds after removing leachable OC through
washing. Wang et al. (2017) reported enhanced sorption of
nitrobenzene, naphthalene, and atrazine by a rice straw BC,
accelerated sorption kinetics, and reduced sorption
irreversibility. This was mainly attributed to increased
accessibility of micropores, due to the removal of leachable
OC. Luo et al. (2017) also described enhanced sorption of
nonionic organic compounds on two maize straw BCs after
DOC removal, caused by exposure of initially blocked micro-
pores. This suggests that the removal of DOC generally in-
creases pore accessibility and therefore shows positive effects
on contaminant immobilization. Further, Klasson et al. (2014)
reported the unblocking of pores as a result of ash removal
through rainwater washing. However, to the best of our
knowledge, no study has been conducted investigating both
DOC and mineral leaching, and linking the concomitant
changes in the BC to its contaminant sorption ability.

Knowledge about the influence of initial BC properties on
leaching and related processes is still limited, as most studies
focused on only one BC type. In particular, the impact of BC
leaching on its bulk properties and resulting changes in sorp-
tion mechanisms of organic contaminants have received only
little attention. However, previous studies have shown that
element (Wu et al. 2016) and DOC (Liu et al. 2019) leaching
greatly differ with feedstock type and that structural properties
and resulting sorption mechanisms are especially highly feed-
stock dependent (Schreiter et al. 2018).

Therefore, this study aims to link changes of BC properties
due to leaching to changes that occur in contaminant sorption, by
(i) investigating what is leached from BCs produced from differ-
ent feedstocks, (ii) determining how leaching changes BCs’
chemical and structural properties, and finally (iii) relating these
changes to specific differences in sorption mechanisms. To
achieve this, we artificially leached three BCs produced from
cattle manure (BC-CM), grain husk (BC-GH), and wood chips
(BC-WC), characterized the aqueous leachates, determined the
changes in chemical and structural characteristics of the BCs, and
analyzed their sorption behavior for two chlorinated compounds,
trichloroethylene (TCE) and tetrachloroethylene (PCE).

Materials and methods

Biochar leaching

BCs were derived from cattle manure (BC-CM), grain husk
(BC-GH), and wood ships (BC-WC) at a pyrolysis tempera-
ture of 450 °C. More details are available elsewhere (Schreiter
et al. 2018). Methods for the leaching of soluble ions and OC
described in the literature are diverse. Numerous studies uti-
lize simple batch setups where BC is shaken with deionized
water (e.g., Kloss et al. 2012; Spokas et al. 2014) or acidic
solutions (e.g., de Figueredo et al. 2017; Klasson et al. 2014)
at varying solid to liquid ratios and shaking times. However,
also repeated washing cycles (e.g., Angst and Sohi 2013; Luo
et al. 2017), continuous in-column leaching (Feng et al. 2018),
and the simulation of weathering in a Soxhlet extractor (Yao
et al. 2010) have been reported. As several studies suggest that
leaching kinetics can be slow (Angst and Sohi 2013; Kong
et al. 2014), we chose an accelerated leachingmethod utilizing
an accelerated solvent extractor. A similar method was previ-
ously used to extract pyrogenic water-soluble organic matter
from biochars (Norwood et al. 2013). The elevated pressure
and temperature applied in accelerated solvent extraction
should allow rapid and complete mobilization of soluble com-
pounds. Therefore, application of this method should yield the
maximum amount of leachable compounds.

Accelerated leaching was performed with an accelerated
solvent extractor (ASE 300, Dionex, Germany). Stainless steel
extraction cells (33 mL) were filled with 1.5 g of BC and glass
fiber filters (Thermo Scientific, Germany) at the top and bot-
tom of the extraction cell. All BCs were extracted with deion-
ized water (ultra-pure Millipore) at 100 °C for 10 min under
100 bar cell pressure (more details in the Supplementary
Material). Aqueous extracts were collected in 200-mL glass
bottles fitted with screw caps and rubber septa. Each extrac-
tion was performed with three replicates, each yielding about
60 to 65 mL of leachate. After the extracts were cooled to
room temperature, electrical conductivity (EC) and pH were
measured (PCE-PHD1, PCE Instruments, Germany). All
leachates were stored refrigerated until further analysis.
Leached BC samples were dried for 24 h at 105 °C and stored
in amber glass bottles until further use.

Characterization of aqueous leachates

All leachates were filtered using 0.45-μm cellulose acetate
filters. Dissolved organic carbon (DOC) was determined with
a carbon analyzer equipped with an IR detector (LiquiTOC II,
Elementar, Germany). Major cations (sodium (Na+), potassi-
um (K+), magnesium (Mg2+), calcium (Ca2+), ammonium
(NH4

+)) and anions (fluoride (F−), chloride (Cl−), bromide
(Br−), nitrite (NO2

−), nitrate (NO3
−), phosphate (PO4

3−),
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sulfate (SO4
2−)) were determined by ion chromatography (882

Compact IC plus, Metrohm, Switzerland).

Characterization of original and leached biochars

For the characterization of the leached BCs, triplicate samples
were combined and thoroughly mixed. All samples were char-
acterized with methods as described in Schreiter et al. (2018).
In brief, the bulk elemental composition (C, H, N, and S) was
determined with an elemental analyzer (vario EL cube,
Elementar, Germany; performed by Zeta Partikelanalytik,
Mainz, Germany), organic carbon content (Corg) using a car-
bon analyzer with IR detector (LiquiTOC II, Elementar,
Germany), and ash content gravimetrically after heating the
samples to 750 °C for 6 h (ASTM D 1762-84 2013). The
oxygen (O) content was determined by difference (Kah et al.
2016). Bulk elemental analysis was conducted in duplicates,
Corg, and ash content in triplicates. Molar ratios describing
aromaticity (H/C), hydrophobicity (O/C), and polarity ((O +
N)/C) were calculated from bulk elemental composition.
Specific surface area (SSA), external surface area (SSAext),
total pore volume (PVtot), micropore volume (PVmic), and
pore size distribution were analyzed by argon sorption (at 87
K) using a Micromeritics 3Flex sorption analyzer (more
details in Schreiter et al. 2018).

For the analysis of mineral elements, original and leached
BCs were ashed at 1000 °C for 1 h. The residue was then fused
with lithium metaborate at 1000 °C, dissolved in 100 mL acid
(4% HNO3/2% HCl), and analyzed by inductively coupled
plasma–atomic emission spectroscopy (ICP-AES). Results
are reported as mass of element per mass bulk sample (all
analysis performed by ALS Minerals, Loughrea, Ireland).

Batch sorption experiments

Sorption experiments with trichloroethylene (TCE) and tetra-
chloroethylene (PCE) were carried out as previously described
(Schreiter et al. 2018). In brief, experiments were performed in
headspace vials with 50 mL of 0.01 M Na2ClO4 as a back-
ground solution. For each compound, three initial concentra-
tions were prepared (TCE 1.7 mg L−1, 22 mg L−1, 110 mg L−1;
PCE 1.9 mg L−1, 19.8 mg L−1, 108 mg L−1). To each vial, an
appropriate amount of BC (between 1.5 mg and 0.45 g) was
added to achieve a 20 to 90% reduction in solute concentration
after sorption. The compound of interest was spiked dissolved
in methanol (between 20 and 125 μL). Triplicate samples were
agitated on a horizontal shaker for 7 days under ambient con-
ditions (21 °C ± 1) to reach apparent equilibrium as determined
in preliminary experiments (data not shown), accompanied by
blank and sorbent-free control samples. After 7 days, aqueous
phase concentrations were determined by static headspace sam-
pling, gas chromatographic separation, and flame ionization

(FID) or electron capture (ECD) detection (more details in
Schreiter et al. 2018).

Data analysis

Most sorption studies utilize the Freundlich isotherm model to
evaluate their data. However, Carmo et al. (2000) have raised
concern about the use of the Freundlich coefficient, especially
for the comparison of sorbates with different aqueous solubil-
ities, because of its concentration dependent nature. Therefore,
the unit-equivalent Freundlich model was used for data evalu-
ation in this study as also applied by others (Allen-King et al.
2002; Carmo et al. 2000; Kleineidam et al. 2002):

CS ¼ K Fr* CW=SWð Þn ð1Þ
where SW (mg L−1) is the water solubility of the compound,CW

(mg L−1) the aqueous concentration at equilibrium, and CS (mg
kg−1) the sorbed concentration on the solid phase, calculated by
mass balance. KFr* (mg kg−1) and n (–) are the unit-equivalent
Freundlich coefficient and Freundlich exponent, respectively.

Multiple studies reported that pore-filling is one important
mechanism in organic contaminant sorption on BCs (e.g.,
Nguyen et al. 2007). It can be described by Polanyi’s potential
theory and is represented in the Polanyi-Dubinin-Manes iso-
therm model (Allen-King et al. 2002). As BC is a highly het-
erogeneous material, additional mechanisms might contribute
to sorption. Several researchers reported that it can follow a
combined pore-filling and partitioning process (e.g., Chen
et al. 2008). This can be expressed in a combined isotherm
model as proposed by Xia and Ball (1999). It combines linear
partitioning with a Polanyi theory–based pore-filling term:

CS ¼ V0 ρexp −
RT −lnCW

SW
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E

2
4

3
5

2
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b

þ KpCW ð2Þ

where SW (mg L−1) is the water solubility of the compound,CW

(mg L−1) the aqueous concentration at equilibrium,CS (mg g−1)
the adsorbed concentration, V0 (cm3 kg−1) the maximum
adsorbed volume of sorbate per unit mass,Kp (L kg−1) the linear
partitioning coefficient, ρ (g cm−3) the sorbate density, E (J
mol−1) the characteristic free energy of adsorption, R (J
(mol*K) −1) the ideal gas constant, and T (K) the absolute
temperature. To minimize the number of fitting parameters, b
(–) is fixed to b = 2 (Dubinin-Radushkevich equation).

Statistical analysis

The data of leached compounds (ions and DOC) and the BC
properties were analyzed by one-way analysis of variance
(ANOVA) with Tukey’s post-hoc test to determine significant
differences (SigmaPlot 12.0, Sysstat Software Inc., USA).
Results of p > 0.05 are considered not significant.
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Sorption coefficients including standard errors and confi-
dence intervals were derived by dynamic curve fitting in the
software SigmaPlot 12.0 (Sysstat Software Inc., USA). For
both isotherm models, sorption coefficients of different data
sets were considered to be significantly different when their
95% confidence intervals did not overlap (p < 0.01) or did not
overlap by more than 50% (p < 0.05) (Cumming 2009).

Results and discussion

Leaching of extractable ions and change in mineral
content

Table 1 and Table S3 summarize the characteristics of the
aqueous leachates of the three BCs. All leachates are alkaline
and pH values are similar to those determined for the original
bulk BCs (Tables 1 and 2). The BC-CM extract shows the
highest and BC-GH the lowest pH value (10.2 and 8.3, respec-
tively). BC-CM leachate exhibits the highest EC, followed by
BC-GH and BC-WC (3757, 643, and 147 μS cm−1, respective-
ly; all statistically different; p < 0.01). EC tends to increase with
increasing ash content of the original BCs. However, there is no
significant linear correlation, because the ash composition
varies and only selected minerals dissolve and contribute to
the leachate EC. A similar trend as described for EC is present
for the total amount of leached ions. BC-CM released the
highest sum of total ions (73.1 mg g−1), followed by BC-GH
(15.5 mg g−1) and BC-WC (1.2 mg g−1) (all significantly dif-
ferent with each other; p < 0.01). K+ and Na+ are the dominat-
ing cations in the leachates of all three BCs. The leaching of

Ca2+ and Mg2+ is comparatively low, which is similar to results
reported in other studies (Kong et al. 2014; Yao et al. 2010).
The anions with the highest concentrations in all leachates are
Cl−, SO4

2−, and PO4
3−. However, the proportions vary depend-

ing on the leached BC. Cl− dominates the BC-CM leachate,
whereas the leachates of BC-WC and BC-GH are characterized
by high SO4

2− and PO4
3− concentrations, respectively. The

leaching of N-species from all three BCs (in the form of
NO3

−, NO2
−, and NH4

+) is comparatively low, as also found
by others (Graber et al. 2010), because they are likely bound in
sparsely soluble form (Hollister et al. 2013).

The ion concentrations detected in the leachates are in line
with the changes determined for the content of respective
mineral elements in the bulk of BCs before and after leaching
(Table S4). Ca and Mg tend to accumulate in the bulk sample
or show only small changes. Na, K, and P contents in BC-CM
and BC-GH decrease notably. In BC-WC, Na tends to accu-
mulate and changes in K and P are negligible.

According to Wu et al. (2011) the leaching of inorganic
species predominantly depends on their initial form of occur-
rence in BC. Most leached ions originate from the dissolution
of mineral components in the ash fraction of the BCs. Ca and
Mg are often bound in hardly soluble carbonates or carboxyl-
ates (Wu et al. 2011), explaining their comparably low con-
centrations in all BC leachates and accumulation in the bulk
samples. The Cl− concentrations show a positive significant (p
< 0.05) correlation with K+ and Na+ in all leachates, suggest-
ing the dissolution of halite (NaCl) and sylvite (KCl). In BC-
CM leachates, the mean K+/Cl− molar ratio of 1.19 ± 0.01
(Table S5) suggests that sylvite dissolution is the main K+

source. Sylvite is one of the most common minerals in BC
(Xu et al. 2017), and several studies identified sylvite in BCs
produced from various feedstocks, including dairy manure
(Cao and Harris 2010), straw (Kloss et al. 2012), and plant
material (Zhao et al. 2013). For the plant-based BCs (BC-WC
and BC-GH), a K+ excess over Cl− is present (K+/Cl− molar
ratios >> 1; Table S5), suggesting the additional contribution
of other soluble minerals such as phosphates, sulfates, or car-
bonates. Xu et al. (2017) reported that K-bearing minerals are
typical for crop-residue BC. The molar ratios of (Na + K +
2Mg + 2Ca)/(Cl + 2S + 3P) in the leachates of BC-WC (3.22 ±
0.09), and BC-CM (1.55 ± 0.02) clearly exceed unity
(Table S5). This suggests that in addition to soluble salts, some
of the released cations exist in other water-soluble forms in
BCs, such as Na+ and K+ ion-exchangeable carboxylates (Wu
et al. 2011). In contrast, the molar ratio in the leachate of BC-
GH (0.98 ± 0.01; Table S5) indicates no major contribution of
leaching from carboxylates.

As the leachates varied depending on the BC, it is evident
that their composition greatly depends on the binding form,
the ash composition, and the associated release mechanism of
the different ions. These in turn are determined by the original
feedstock composition and pyrolysis conditions. The

Table 1 Selected characteristics of aqueous leachates of the three
biochars (BCs). Dissolved organic carbon (DOC) and ion content leached
were calculated from the concentration (mg L−1) measured in the leach-
ate, mass of BC leached (g), and volume of leachate (mL). Note the
differing units for Ca2+ and Mg2+

BC-CM BC-GH BC-WC

pH (-) 10.2 ± 0.04 8.3 ± 0.03 8.8 ± 0.05

EC (μS cm−1)a 3,757 ± 78 599 ± 7 147 ± 4

DOC (mg g−1) 27.4 ± 0.4 2.5 ± 0.1 1.5 ± 0.1

K+ (mg g−1) 31.8 ± 0.5 7.5 ± 0.1 0.6 ± 0.02

Na+ (mg g−1) 10.0 ± 0.1 0.3 ± 0.03 0.2 ± 0.01

Ca2+ (μg g−1) 435 ± 94 92 ± 6 73 ± 4

Mg2+ (μg g−1) 66 ± 16 57 ± 4 28 ± 1

PO4
3− (mg g−1) 1.5 ± 0.1 5.3 ± 0.1 0.1 ± 0.001

SO4
2− (mg g−1) 4.5 ± 0.1 1.1 ± 0.02 0.2 ± 0.004

Cl− (mg g−1) 24.2 ± 0.4 1.0 ± 0.05 0.1 ± 0.01

Total ions leached (mg g−1)b 73.1 ± 1.0 15.5 ± 0.1 1.2 ± 0.03

a EC: electrical conductivity of the leachate
b Sum of all ions measured with ion chromatography. For all measured
ions, refer to Table S3
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concentrations determined in our study are within the range of
values reported in the literature (Table S6). However, one
should be cautious in comparing reported results, as leaching
protocols are diverse and vary greatly in extraction time, ex-
traction temperature, and BC to water ratio.

Leaching of dissolved organic carbon

The leaching procedure mobilized DOC from all BCs
(Table 1). The manure-derived BC-CM released the highest
amount of DOC (27.4 mg g−1), which is about 10 times more
than determined for the two plant-based BCs. BC-GH and
BC-WC leached 2.45 mg g−1 and 1.53 mg g−1, respectively
(all statistically different; p < 0.01). The leached DOC tends to
increase with increasing O/C and (O + N)/C ratio of the orig-
inal BC, although both correlations are not statistically

significant (p > 0.05). However, it suggests that BCs with high
polarity and low hydrophobicity can mobilize more DOC. Liu
et al. (2019) found that DOC release is positively correlated
with the O and H contents of BC, as well as with its aroma-
ticity ratio (H/C ratio). They concluded that the DOC was
mainly released from biochars’ labile fraction that is rich in
oxygen-containing functional groups (Liu et al. 2019).
Although our data do not show these correlations, the trends
observed for O/C and (O +N)/C ratios indicate the importance
of functional groups in DOC release, as especially (O + N)/C
is a good proxy for oxygen functionalities (Chen et al. 2008).
The wood-based BC-WC released substantially lower DOC
concentrations than BC-GH and BC-CM. This is in line with
the findings by Liu et al. (2019) that BC produced from wood
generally releases less DOC than BCs from herbaceous or
manure feedstock. Wood contains more lignin, which is

Table 2 Properties of the original
and leached biochars (BCs) BC-CM BC-GH BC-WC

Originala Leached Originala Leached Originala Leached

EC (μS cm−1)b 7,910 834 764 281 242 133

pH (−)b 10.3 9.5 8.3 7.9 9.8 7.8

C (%) 22.7 25.2 55.8 56.7 73.7 74.7

H (%) 1.1 1.6 3.3 3.1 2.5 2.6

N (%) 1.3 1.3 1.5 1.5 0.5 0.5

S (%) 0.7 0.5 0.4 0.5 0.4 0.2

Ash content (%) 62.8 61.9 26.6 25.1 12.5 9.5

Corg (%) 23.5 22.9 53.7 52.9 68.7 70.6

O (%)c 11.4 9.5 12.4 13.0 10.5 12.8

H/Cd 0.55 0.76 0.71 0.65 0.40 0.41

O/Cd 0.38 0.28 0.17 0.17 0.11 0.13

(O + N)/Cd 0.43 0.33 0.19 0.19 0.11 0.14

SSA (m2 g−1)e 6 25 215 214 341 342

SSAext (m
2 g−1)f 6 25 60 46 58 36

PVtot (cm
3 g−1)g 0.023 0.046 0.136 0.124 0.173 0.157

PVmic (cm
3 g−1)h n.d. k n.d. k 0.061 0.064 0.109 0.116

PVmes (cm
3 g−1)i 0.023 0.046 0.075 0.060 0.064 0.041

Dmic (nm)j n.d. k n.d. k 0.78 0.78 0.64 0.79

Dmes (nm)j n.d. k n.d. k 2.9 2.9 2.8 2.9

a Data obtained from Schreiter et al. (2018)
b Electrical conductivity (EC) and pH determined in a 1:10 BC to water suspension
c O determined by difference
dMolar ratios describing aromaticity (H/C), hydrophobicity (O/C), and polarity ((O + N)/C) of BCs (ratios based
on bulk elemental composition)
e Apparent specific surface area (BET method)
f Specific external surface area (t-plot method)
g Total pore volume determined at P/P0 = 0.995
hMicropore volume (t-plot method)
iMesopore volume (PVtot − PVmic)
jMaxima of micropore and mesopore distribution (NLDFT method)
k Not determined
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thermally more stable than cellulose and hemicellulose (Yang
et al. 2007), and therefore tends to produce BC with less
leachable bio-oil components (Liu et al. 2019).

The DOC concentrations determined in our study are in a
similar range as previously reported by Norwood et al. (2013).
They examined ASE extraction of cordgrass and honey mes-
quite BCs and reported concentrations of 21.5 mg g−1 and
16.0 mg g−1, respectively. In general, our findings are in line
with previous studies that DOC release differs for different
BCs (e.g., Liu et al. 2019; Qu et al. 2016; Smith et al. 2016),
indicating that it depends on the BC feedstock material.
However, Liu et al. (2019) also state that pyrolysis tempera-
ture is a more important factor in DOC development than
feedstock material.

Change of biochar bulk properties after leaching

A summary of the BC bulk properties before (obtained from
Schreiter et al. 2018) and after leaching is presented in Table 2.
The C content of all BCs tends to increase after leaching;
however, only the change in BC-CM is significant (p <
0.05). Simultaneously, the wood-based BC-WC shows a sig-
nificant increase in Corg (p < 0.05), whereas the changes in
BC-CM and BC-GH are not significant (p > 0.05). Several
studies reported increasing C content after varying leaching
protocols (Luo et al. 2017; Qu et al. 2016; Spokas et al. 2014;
Wang et al. 2017); however, decreasing C content after
weathering or leaching was also reported (Christophe et al.
2015). The different development in C and Corg content is
likely a result of the relative distribution of inorganic species
and mobile organic matter in the different BCs. The increase
of Corg in BC-WC is in line with the relatively small amount of
DOC leached and the assumption that lignin forms more sta-
ble carbon structures during pyrolysis (Yang et al. 2007). In
contrast, Corg of BC-GH and BC-CM tends to decrease after
leaching because of their higher DOC loss caused by more
labile carbon formed through the pyrolysis of cellulose and
hemicellulose (Yang et al. 2007). One possible reason for the
increase in total C content is the effect of the low leachability
of carbonates (Wu et al. 2011) as discussed earlier. This can
result in the enrichment of relatively stable inorganic carbon
phases compared to easily soluble labile OC and other mineral
components. In line with this argument is the decrease of EC
and ash content of all BCs after leaching (p < 0.01), as also
reported in other studies (Wu et al. 2011). Additionally, all
BCs exhibit decreasing pH values, which can be explained
by the release of alkaline base cations (Table 1) during
leaching (Yao et al. 2010).

Both plant-based BCs (BC-GH and BC-WC) show a slight
increase of O in the bulk mass. In contrast, the O content in
BC-CM decreases after leaching (Table 2). This is accompa-
nied by increasing hydrophobicity (decreasing O/C ratio) and
decreasing polarity (decreasing (O + N)/C ratio) of BC-CM.

As the polarity ratio is a good indicator for oxygen-bearing
functional groups (Chen et al. 2008), decreasing (O + N)/C
and subsequent decreasing O content indicate the loss of polar
functionalities during DOC leaching. Qu et al. (2016) found
that the O/C ratio of released DOCwas twice as high as the O/
C ratio of the bulk BC, confirming that polar functional groups
are lost during the leaching process. This also results in less
clustering of water molecules on the BC surface (Chun et al.
2004), making the surface more hydrophobic. The two plant-
based BCs show no relevant change in O/C and (O + N)/C
ratios, which is in agreement with their significantly lower
DOC leaching.

Change of biochar surface and pore structure
after leaching

Figure 1 shows the incremental pore size distribution and the
cumulative pore volume of the three BCs before and after
leaching. The calculated SSA, SSAext, PVtot, and PVmic are
listed in Table 2. The changes in SSA of BC-WC and BC-GH
are negligible. However, leaching of BC-WC notably changed
the pore size distribution, especially in the range smaller than
2 nm. The maximum of the micropore distribution (Dmic)
shifted towards bigger pores, now being 0.79 nm instead of
0.64 nm, and the determined PVmic slightly increased com-
pared to original BC-WC. Figure 1 illustrates that additional
pore volume developed in the range of 0.5 to 2 nm.

The other plant-based char, BC-GH, shows only small
changes. The pore size distribution of leached BC-GH dis-
plays a slightly higher fraction of pores around 1.2 nm pore
width (Fig. 1), whereas pores between 0.8 and 1 nm pores
disappeared. Consequently, only marginal changes of PVmic

are detected. A reason could be the collapse of pore walls
during leaching. Spokas et al. (2014) identified cracks, frac-
tures, and “sinkhole-like” features after 24 h rinsing of differ-
ent BCs. This might also be the cause for lower SSAext,
PVmes, and PVtot in both plant-based BCs.

The manure-derived BC-CM shows distinctly different be-
havior. Both original and leached BC-CM contain their entire
SSA in mesopores, captured in SSAext. It is more than 4 times
higher in the leached sample than determined in the original
BC-CM. Consequently, PVmes doubled through the develop-
ment of additional pore volume mainly in the range of 2 to
10 nm pore width. Although PVtot increased, no micropores
are present in leached BC-CM, as well as in the original sample.

The described changes in the pore size distribution, pore
volume, and SSA of the different BCs illustrate that leaching
significantly affects their structural properties. However, the
impact of leaching varies between the BC types.

Although BC-WC released only a small amount of mineral
components (1.2 mg g−1 ions) and DOC (1.5 mg g−1), the
effect on the micropore size distribution and pore volume is
significant. In contrast, the leaching of BC-GH has only minor
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impact on its structural properties, despite the higher concen-
trations of ions (15.5 mg g−1) and DOC (2.45 mg g−1) re-
leased. In BC-CM, leaching of comparatively high amounts
of mineral species (73.1 mg g−1) and DOC (27.42 mg g−1)
resulted in no change in small pores but extensive alterations
in the mesoporous range and SSA. This indicates that leaching
does not affect all BCs equally. Depending on the initial dis-
tribution and binding of ions and DOC, the response to
leaching is different.

Previous studies (Luo et al. 2017; Wang et al. 2017) have
shown that DOC can be trapped in small pores and act as a
pore-clogging agent. Therefore, leaching generally increased
pore accessibility. Luo et al. (2017) reported that the removal
of authigenic DOC from two maize straw BCs caused a slight
increase in the total surface area (SA) by exposing initially
blocked micropores. Wang et al. (2017) stated that the change
in SA after DOC leaching was negligible in a rice straw BC,
but total and micropore volume significantly increased. Both
plant-based BCs in our study show increasing PVmic after
leaching, which can be linked to the unblocking of micropores
through DOC release. However, the effect is more pronounced
in BC-WC compared to BC-GH. This indicates that the pore-
clogging effect might be more important if a high number of
small micropores are already available in the original BC.
Indeed, Luo et al. (2017) suggested that pore blockage may
play a bigger role in BCs with higher SA and porosity. Further,
several researchers found that the nature and composition of
the leached DOC can vary greatly for different BCs (e.g.,
Jamieson et al. 2014; Lin et al. 2012a; Smith et al. 2013;
Tang et al. 2016). Therefore, DOC in BCs derived from dif-
ferent feedstocks might exhibit different binding characteris-
tics, including pore filling and pore blocking. This would re-
sult in varying release mechanisms depending on DOC prop-
erties and composition.

Similar to DOC, the release of mineral components can
also alter the pore structure of BCs. Klasson et al. (2014)
showed that washing of several microporous BCs produced
from almond shell, removed ash, and exposed SA as well as
some previously blocked small pores. Thereby, the pore struc-
ture was more affected in low-ash BCs (Klasson et al. 2014).
Further, Spokas et al. (2014) confirmed that salts can be pre-
cipitated in BC pores and limit their availability. This indicates
that the change in PVmic and the micropore distribution might,
at least partly, be caused by the release of soluble ions.

Despite being released from pores, DOC can also be mobi-
lized via the surface functional groups, which does not affect the
structural properties. This is likely the case for BC-CM, as its
decreasing (O + N)/C ratio indicates the loss of surface function-
alities via DOC leaching. Additionally, structural changes of BC-
CM are controlled by the leaching of mineral components or
DOC from larger pores and the outer BC surface. This explains
the substantial increase of SSAext and PVmes. Spokas et al. (2014)
confirmed with SEM-EDS studies that surface precipitates and
organic oils coated surfaces and concealed visible pores in fresh
BCs. The removal of these precipitates and surface coatings via
dissolution opened additional porosity and exposed new struc-
tural details (Spokas et al. 2014).

However, to distinguish between DOC and mineral release-
driven structural changes in BC is challenging, as the spatial
arrangement and distribution of mineral and organic phases are
feedstock dependent (Yang et al. 2018). Both phases are usually
interlaced and interact with each other (Xiao et al. 2018). Yet,
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our results suggest that the unclogging of micropores is mainly
related to DOC leaching, whereas the exposing of mesopores
and SSAext is caused by mineral leaching.

Sorption to leached biochars

To assess the effect of the leaching and resulting changes in
BC properties, equilibrium batch experiments were conduct-
ed, with original (Schreiter et al. 2018) and leached BCs. The
unit-equivalent Freundlichmodel (Eq. 1) was fitted to all sorp-
tion data, and the results are presented in Fig. S2 and Table 3.

As previously described (Schreiter et al. 2018), sorption affin-
ity KFr* of both TCE and PCE increases following BC-CM <
BC-GH < BC-WC. The same pattern is still observed after BCs
are leached, although sorption of both compounds tends to in-
crease after leaching (KFr*orig. < KFr*leach.). PCE sorption to all
three BCs is significantly enhanced after leaching (p < 0.01).
With an increase of 19%, BC-CM exhibits the strongest change,
followed by BC-WC (18%) and BC-GH (17%). Considering
TCE sorption, only BC-CM shows a significant increase (p <
0.01) in KFr* (26%), whereas the changes in sorption to BC-GH
and BC-WC are not significant. This illustrates that the changes
in sorption affinity differ distinctly not only between compounds
but also between BCs. For both compounds, the increase inKFr*
is highest for the manure-derived BC-CM that also released the
most DOC and leachable ions. However, the increasing sorption
of PCE to the plant-derived chars BC-WCandBC-GHcannot be
immediately explained by the amount of leachable minerals and
OC, as it is comparatively small.

The sorption nonlinearity is much less affected by the
leaching procedure. Only BC-CM shows significant changes,
with slightly increasing n for both TCE (original 0.39; leached
0.43; p < 0.05) and PCE (original 0.46; leached 0.52; p =

0.05). This suggests increased linear sorption, which in turn
indicates stronger partitioning of both sorbates. As previously
discussed, BC-CM is the only sorbent with significantly lower
polarity and higher hydrophobicity after leaching. This re-
duces the adsorption of water molecules (Chun et al. 2004;
Li et al. 2002) and therefore might increase the accessibility of
the BC matrix for partitioning.

Change in sorption mechanisms after biochar
leaching

Sorption of organic contaminant to BC usually comprises
multiple mechanisms (e.g., Xiao et al. 2018), in which pore-
filling and partitioning dominate in case of chlorinated hydro-
carbons (Schreiter et al. 2018). These processes are influenced
by the compound properties, e.g., the water solubility and
molecular size of the sorbate, but also BC characteristics.
The Polanyi theory–based adsorption-partitioning model
(Eq. 2) allows to resolve the contribution of partitioning and
pore-filling to the overall sorption and should help to further
explore the changes in sorption mechanisms after leaching.
The respective isotherms are displayed in Fig. 2, and fitting
parameters are reported in Table 4.

Sorption of TCE to both plant-based BCs (BC-WC and
BC-GH) after leaching is well described by a sole pore-
filling mechanism (Kp derived from the model fit not signifi-
cant; p > 0.01). The partitioning component that contributed to
TCE sorption to the original BC-GH (Schreiter et al. 2018) is
eliminated entirely after leaching (Table S7). In contrast, the
manure-derived BC-CM shows significant influence of
partitioning for the sorption of both compounds, as do the
isotherms of PCE sorption to BC-GH and BC-WC, before
and after leaching.

Table 3 Parameters of the unit-
equivalent Freundlich model for
trichloroethylene (TCE) and tet-
rachloroethylene (PCE) sorption
to original and leached biochars
(BCs)

KFr* (mg kg−1)b n (–)b r2 (–)c p (–)c

TCE BC-WC Originala 209,143 ± 12,730 0.26 ± 0.02 0.96 < 0.01

Leached 228,452 ± 12,813 0.26 ± 0.01 0.97 < 0.01

BC-GH Originala 140,467 ± 6,176 0.32 ± 0.01 0.99 < 0.01

Leached 141,489 ± 6,511 0.30 ± 0.01 0.98 < 0.01

BC-CM Originala 29,503 ± 806 0.39 ± 0.01 0.99 < 0.01

Leached 39,828 ± 1,496 0.43 ± 0.01 0.99 < 0.01

PCE BC-WC Originala 108,260 ± 3,345 0.33 ± 0.02 0.97 < 0.01

Leached 132,431 ± 4,695 0.30 ± 0.02 0.96 < 0.01

BC-GH Originala 74,484 ± 2,974 0.33 ± 0.02 0.97 < 0.01

Leached 90,228 ± 2,937 0.33 ± 0.01 0.98 < 0.01

BC-CM Originala 14,802 ± 365 0.46 ± 0.02 0.99 < 0.01

Leached 18,375 ± 435 0.52 ± 0.02 0.99 < 0.01

a Recalculated from data published in Schreiter et al. (2018).
b Unit -equivalent Freundlich coefficients KFr* and Freundlich exponents n calculated using non-linear curve
fitting in Sigma Plot after Eq. 1
c r2 and p represent the coefficient of determination and significance of the data fit obtained from Sigma Plot
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For all three leached BCs, the maximum adsorbed volume
V0 is significantly higher for TCE compared to PCE
(V0

TCE
leach. > V0

PCE
leach.; p < 0.01), displaying the same trend

as observed in the original BCs (Schreiter et al. 2018). V0 for
TCE increases significantly after leaching for BC-WC and
BC-GH, with 7.5% and 15.7% respectively (both p < 0.01).
The V0 value of BC-CM also increases (about 21%; p < 0.05)
but is still about one order of magnitude lower than V0 of the
two other leached BCs. Considering PCE, only V0 of BC-WC
shows a significant increase (27%; p < 0.01), whereas the
changes for BC-GH (12.4%) and BC-CM (5%) are not signif-
icant (p > 0.05).

As discussed earlier, Fig. 1 shows that BC-WC experi-
enced significant changes in its micropore size distribution.
Leaching created additional pore volume in the region be-
tween 0.5 nm and 2 nm, which is reflected in its increased
PVmic. The availability of additional micropores and the con-
comitant shift towards slightly larger pore sizes allows PCE
and TCE to penetrate a larger number of sorption sites in
leached BC-WC. This is reflected in higher V0 of both com-
pounds after leaching (V0

TCE
leach. > V0

TCE
orig.; V0

PCE
leach. >

V0
PCE

orig.; both p < 0.01). However, TCE is still able to access
a larger number of pores (V0

TCE
leach. > V0

PCE
leach.; p < 0.01).

This is the result of a steric effect caused bymolecular sieving,
as already observed in the original BC-WC (Schreiter et al.
2018). TCE is the slightly smaller molecule with 6.2 Å (= 0.62
nm) as its second largest dimension (TCE 6.6 Å × 6.2 Å × 3.6
Å; Karanfil and Dastgheib 2004), compared to PCE with 6.6
Å (= 0.66 nm) (Bembnowska et al. 2003). Both compounds
can be subject to size exclusion when the pore width of the
sorbent becomes smaller than 1.7 times of their second largest
dimension (Kasaoka et al. 1989, as cited in Li et al. 2002). The
shift towards larger pores in leached BC-WC dampens this
size exclusion of PCE, which is also reflected by a larger
increase of V0 after leaching (TCE 7.5%; PCE 27%).
Consequently, the differences between V0 of both compounds
also decreased (orig. 48%; leach. 34%) and sorption of PCE to
leached BC-WC is now entirely taking place via pore-filling.

BC-GH experienced less obvious changes after the
leaching procedure. The increase of pores around 1.2 nm
width goes along with diminished pore volume between 0.8
and 1 nm. The diameter determining size exclusion of TCE
and PCE is about 1.05 nm and 1.12 nm, respectively.
Therefore, the decrease in pores smaller than 1 nm should
not negatively influence sorption. Instead, V0 of TCE in-
creases because the larger pores in the leached sample are
easier to access for the molecule. PCE, however, seems to still
experience size exclusion from some pores, due to its bigger
size. Therefore, V0 of PCE only increases slightly and the
change is not statistically significant.

Although PVtot (= PVmes) of BC-CM increases substantial-
ly after leaching (about 2-fold) and the pore size distribution
experiences great changes, the effect on V0 for both com-
pounds is relatively small. As previously described
(“Change of biochar surface and pore structure after leaching”
section), leaching of BC-CMmainly opens pores in the region
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between 2 and 10 nm. These appear to provide additional
sorption sites, resulting in the increase of V0 of TCE after
leaching. However, the larger mesopores in BC-CM are likely
less favorable for contaminant sorption, compared to the nar-
row micropores present in the two plant-based BCs (Lastoskie
et al. 1993). Therefore, the more hydrophobic molecule PCE
is not highly attracted to these new sorption sites and instead
favors the available partitioning domains.

The linear partitioning coefficient Kp generally experiences
less obvious changes, probably because of significantly lower
contribution of partitioning to the overall sorption (Table S7).
Only the Kp value of PCE sorption to BC-CM significantly
increases after leaching (Kp

PCE
leach. > Kp

PCE
orig.; p < 0.05).

However, also Kp for TCE sorption to BC-CM tends to in-
crease, although the change is not significant (p > 0.05). These
changes are consistent with the observed increasing n values
determined by the Freundlich model. Both indicate enhanced
partitioning into the manure-derived BC after leaching. We
previously reported that increasing polarity favors partitioning
(Schreiter et al. 2018), because it increases the water clustering
on the surface (Li et al. 2002) and might hinder the access to
pores. However, it appears that the loss of oxygen-bearing
functional groups (decreasing (O + N)/C) in BC-CM through
leaching enhances partitioning. This indicates that the effect of
pore blocking bywater clusters might not be dominating in the
mesoporous BC-CM. Instead, the decreasing number of func-
tional groups increases the overall hydrophobicity (decreasing
O/C), making the BCmatrix more attractive for partitioning of
hydrophobic molecules, such as TCE and PCE. Luo et al.
(2017) also concluded that oxygen-rich leachable OC can
cover aromatic structures on BC surfaces, which might hinder

the partitioning of organic contaminants. This confirms that
the high amount of leached DOC is responsible for the in-
creasing Kp values of leached BC-CM by exposing additional
partitioning domains. It reflects also in the increased overall
percentage of partitioning, especially for the more hydropho-
bic compound PCE (At 5% of SW: PCEorig. 13%, PCEleach.

16%; Table S7). For both plant-based BCs, no significant
changes are evident for Kp and generally the role of
partitioning in sorption decreases (Table S7). This is the case
because no significant change in O/C and (O + N)/C occurred
for these BCs, and consequently, both compounds are
attracted to the newly accessible micropores in the leached
samples.

Conclusion

The present study illustrates that accelerated leaching of BCs
can significantly impact their properties and sorption behavior
for chlorinated hydrocarbons. BCs produced from different
feedstocks show unique changes in their structure, which re-
sults in distinct changes in sorption mechanisms. In the plant-
based BCs, leaching of small amounts of ions and DOC ex-
posed additional micropores and notably changed their size
distribution. This increases the accessibility of sorption sites in
small micropores and enhanced pore-filling of TCE and PCE.
In contrast, the release of high ion and DOC concentrations
from the manure-based BC only modified external surface
area and mesopore volume, which showed little effect on
sorption. Instead, the removal of oxygen-containing function-
al groups, and resulting increasing hydrophobicity and lower

Table 4 Isotherm parameters of
the combined partitioning and
pore-filling model for sorption of
trichloroethylene (TCE) and tet-
rachloroethylene (PCE) to the
original and leached biochars
(BCs)

Kp (L kg−1) b V0 (cm
3 kg−1) b E (J mol−1) b r2 (–) c p (–) c

TCE BC-WC Original a n.a.d 85 ± 1.3 14,452 ± 193 0.96 < 0.01

Leached n.a.d 92 ± 1.0 14,849 ± 137 0.99 < 0.01

BC-GH Original a 96 ± 35 44 ± 2.4 13,734 ± 361 0.99 < 0.01

Leached n.a.d 52 ± 0.7 13,564 ± 152 0.99 < 0.01

BC-CM Original a 50 ± 4 6 ± 0.3 14,078 ± 355 0.99 < 0.01

Leached 61 ± 7 7 ± 0.5 13,033 ± 403 0.99 < 0.01

PCE BC-WC Original a 218 ± 51 44 ± 2.2 10,088 ± 350 0.97 < 0.01

Leached 156 ± 51 60 ± 2.4 10,135 ± 284 0.99 < 0.01

BC-GH Original a 132 ± 39 30 ± 1.5 10,266 ± 318 0.97 < 0.01

Leached 214 ± 37 34 ± 1.4 10,608 ± 288 0.99 < 0.01

BC-CM Original a 73 ± 6 3 ± 0.3 10,278 ± 525 0.99 < 0.01

Leached 95 ± 7 4 ± 0.4 9831 ± 755 0.99 < 0.01

a Data obtained from Schreiter et al. (2018)
b Coefficients of the combined adsorption-partitioning model (± standard error) calculated using non-linear curve
fitting in Sigma plot after Eq. 2
c r2 and p represent the coefficient of determination and significance of the data fit obtained from Sigma Plot
d Derived Kp values were not significant (p > 0.01)
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polarity, enhanced the accessibility of partitioning domains
and therefore increased its contribution to overall sorption.

This highlights that both leachable OC and minerals can
play an important role in modifying the chemical and struc-
tural characteristics of BC and thus influence organic contam-
inant sorption. Thereby, the impact on sorption is not mainly
driven by the mass leached, but rather by the release mecha-
nism and spatial distribution of leachable constituents.
Considering BC application in environmental remediation,
the results imply that leaching can significantly alter the envi-
ronmental fate of organic contaminants in BC-amended soils
over time. Sorption is not constant and tends to increase with
DOC and mineral release during "aging", making BC a po-
tential long-term sink for hydrophobic organic contaminants.
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