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Amending soil with black carbon (BC) can change the sorption properties of the soil. However, there is
some concern based on studies that deal with newly produced BC and barely consider the possible
changes in sorption properties for BC after being amended in soil. This study uses newly produced BC
and historical BC samples, along with soils containing high levels of historical BC and adjacent soils
without visible BC, to compare their diuron, atrazine and Cu2+ sorption properties. Compared with newly
produced BC, historical BC exhibited reduced (56–91%) sorption capacity for diuron and atrazine but 2–5
times enhanced sorption capacity of Cu2+. These changes in sorption properties can be interpreted via the
formation of surface functional groups in BC. Whereas the sorption capacity for diuron and atrazine was
reduced with historical BC, the sorption capacity of BC-containing soils was higher than for the adjacent
soils, indicating that BC possessed stronger sorption capacity than non-BC material. A biological assay
revealed reduced herbicide efficiency for the newly produced BC, and even the historical BC still exerted
an influence on reducing herbicide efficiency. Along with its recalcitrance in environments, BC has a
significant long term effect on the toxicity of contaminants and soil fertility.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Black carbon (BC) is the byproduct of the pyrolysis of biomass.
Because it is stable, it can persist in nature for long periods of time.
Therefore, researchers have proposed charring biomass to BC as a
way to divert carbon (C) from a rapid biological C cycle to a slow
geological C cycle and BC soil amendments can effectively seques-
ter atmospheric CO2 in soil (Lehmann, 2007). BC amendments also
provide the agronomical benefits of enhancing soil fertility and
increasing crop yield (Lehmann, 2007; Sohi et al., 2010) and have
recently been implemented in many experiments worldwide
(Chan et al., 2007; Kimetu et al., 2008; Atkinson et al., 2010; Major
et al., 2010; Spokas et al., 2012).

BC is a strong sorbent for organic compounds. The sorption
of hydrophobic organic compounds by BC can be up to 10–100�
greater than sorption by other types of organic matter (OM; Corne-
lissen et al., 2005b). Sorption of diuron by BC is up to 400–2500�
more effective than that of soil (Yang and Sheng, 2003a). Thus, BC
amendments to soils have the potential to cause significant changes
in the sorption properties of the soils. The amendments enhance
herbicide sorption and affect the efficiency, movement and degrada-
tion of herbicides in soils (Yang et al., 2006; Yu et al., 2006; Kookana,
2010; Jones et al., 2011; Nag et al., 2011; Graber et al., 2012). The
reduction in herbicide efficiency is important for weed control in
agricultural management practices because farmers must apply
more herbicide to BC-amended soils to compensate for the
decreased herbicide efficiency. This activity subsequently increases
commercial expense and environmental risk.

Much of the concern with the reduction in herbicide efficiency
arises from studies that treat newly produced BC as a surrogate.
However, these studies barely consider the possible change in BC
characteristics after amendment. Research has shown that the
structure of BC in soils is changed and may undergo biotic and abi-
otic oxidation on the short term (months) and continually over the
long term (years, decades or centuries) (Cheng et al., 2006, 2008a;
Cheng and Lehmann, 2009; Zimmerman et al., 2010). The natural
oxidation of BC forms surface functional groups such as carboxylic
and phenolic species, causing a reduction in surface positive charge
and a substantial increase in surface negative charge (Cheng et al.,
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2006, 2008a). Because the surface properties of BC substantially af-
fect its sorption properties, changes produced by natural oxidation
may profoundly affect these sorption properties (Moreno-Castilla,
2004; Kookana, 2010). In addition, BC can interact with various soil
components after it is added. Pore blockage and direct site compe-
tition with non-BC material may also affect the sorption properties
of BC (Kwon and Pignatello, 2005; Cornelissen and Gustffsson,
2006). To date, no information is available on the sorption proper-
ties for BC after long term exposure in soils. Because of the long
term persistence of BC in nature and its promising applications
for environmental practices, it is important to understand its sorp-
tion properties and how they change after long term exposure.

This study investigates newly produced BC (fresh BC) samples
and historical BC samples that had been left in soils since the late
19th century to compare their sorption properties. Diuron, atrazine
and Cu2+ served as the model sorbates. The objectives were to (i)
identify the changes in BC sorption properties after long term
exposure in soils, (ii) compare the sorption properties of soils
containing high levels of historical BC and adjacent control soils
without visible BC and (iii) conduct a biological assay to assess
the survival rates of ryegrass seeds grown under diuron and
Cu2+ applications on a cultivated soil amended with/without BC.

2. Material and methods

2.1. BC and soil samples

The BC samples included two contrasting types: fresh and his-
torical. The fresh BC sample was newly produced from the Hope-
well Furnace National Site in Pennsylvania, where BC is produced
by the same traditional charcoal-making method used in the
19th century. The fresh BC was sampled ca. 1 month after charring
and the pieces ground to pass through a 2 mm sieve and stored in a
sealed glass jar (Cheng et al., 2008a,b). The historical BC samples
were the remnant charcoal from historical charcoal blast furnaces,
in which BC was left in the soil in the mid-19th century. One his-
torical BC sample was collected from Trois-Riviera, Quebec (de-
noted as QC) and the other was collected from Dickson,
Tennessee (TN). Both historical BC samples were collected from
the surface soils and BC was obtained by carefully picking large
fragments (> 4 mm) from the soil at a depth of 10–20 cm. The frag-
ments were gently rinsed with distilled water until the electric
conductivity was close to the background distilled water. The
rinsed BC fragments were oven dried at 70 �C for 24 h and ground
to pass through a 2 mm sieve for the chemical measurements. The
fresh BC sample was expected to have properties close to the ‘‘ori-
ginal’’ status of the historical BC samples because it was produced
via the same traditional method, as carried out by charcoal workers
in the 19th century (Cheng et al., 2008a,b).

A laboratory-oxidized BC sample was also examined to assess
the effect of oxidation. The ground fresh BC sample was incubated
at 70 �C for 6 months and referred to as BC6M (Cheng and Leh-
mann, 2009). Although a temperature of 70 �C is unrealistic for
naturally occurring processes, it was used to represent the long
term oxidation of BC (Cheng and Lehmann, 2009). In addition,
the soils that contained high levels of BC (BC-containing soils)
and without visible BC (adjacent control soils) in the historical
charcoal blast furnaces in QC and TN were subjected to the same
sorption experiments as the BC samples to enable accurate
comparison of the sorption properties of BC-containing soils and
adjacent soils.

2.2. Properties of BC and soil

Table 1 lists some of the physicochemical properties of BCs
based on the findings of previous studies (Cheng et al., 2008a;
Cheng and Lehmann, 2009). The C, N and H elemental composi-
tions were measured using an elemental analyzer; pH was mea-
sured at a BC/water ratio of 1:10 (w/v); surface negative charge,
surface positive change and point of zero net charge were mea-
sured by ion index. Table 1 also lists the soil properties of the
BC-containing soils and adjacent soils in the blast furnaces in QC
and TN.

Cheng et al. (2008a) and Cheng and Lehmann (2009) pre-
sented the surface C speciation and functionalities of the BC sam-
ples determined using X-ray photoelectron spectra (XPS). This
study used synchrotron-based near edge X-ray adsorption fine
structure (NEXAFS) at the carbon K adsorption edge. The C (1s)
NEXAFS spectra were obtained on beamline 24A at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan. Dupli-
cate scans ranging from 275 to 340 eV were obtained on the
freshly cut cross section of BC particles. Energy steps of 0.5 eV
were run from 275 to 282 eV, followed by 0.1 eV from 282 to
295 eV, 0.2 eV from 295 to 322 eV and 0.5 eV up to 340 eV. The
dwell time for each energy point was 1 s. The incident beam
intensity was recorded with an Au mesh reference monitor (I0)
and the NEXAFS signal was detected in total electron yield
(ITEY). The NEXAFS spectra were obtained by calculating the
ratio ITEY/I0 for the sample current mode. Peak assignment for
NEXAFS spectra was based on studies by Haberstroh et al.
(2006), Solomon et al. (2009) and Heymann et al. (2011). Thus,
284.9–285.5 eV was assigned to aromatic C, and 288.0–288.5 to
carboxylic C.

This study used 13C solid state nuclear magnetic resonance
(NMR) spectra to assess the bulk chemical composition of BC.
The spectra were obtained from a Bruker Avance III 400 NMR spec-
trometer operating at a 13C frequency of 100 MHz and run using
standard ramp cross-polarization magic angle spinning (CPMAS)
spectroscopy. The sample was packed in a 4 mm diameter zirconia
rotor and spun at 10 kHz. A contact time of 3 ms and a pulse delay
of 1 s were used. A total of 10,000 scans was recorded. The chem-
ical shift regions assigned for the major C types were 0–45 ppm for
alkyl C, 45–110 ppm for O-alkyl C, 110–145 ppm for aryl C, 145–
165 ppm for O-aryl C and 165–190 ppm for carboxyl C (Baldock
and Smernik, 2002).

The physical structure of BC samples was determined from sur-
face area and microscale morphology. The specific surface area of
BCs and soils was determined from N2 adsorption isotherms at
77 K using an ASAP 2200 system (Micromeritics, Norcross,
GA, USA). Prior to adsorption experiments, the BC and soil samples
were degassed at 378 K under a pressure of < 10�4 Pa for at least
15 h. Applying the BET model to the N2 adsorption isotherms
afforded the specific surface area (SBET). The microscale morpho-
logical characterization of BC was examined using scanning
electron microscopy (SEM) with a Hitachi TM-3000. The BC
particles and freshly cut cross sections were examined under an
Au coating.

2.3. Sorption isotherms

Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea; > 98%], atra-
zine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine; >
98%) and Cu2+ (CuCl2) were selected as the model sorbates to eval-
uate the sorption properties of BC and soils. Diuron and atrazine
are commonly used as non-selective herbicides for pre-emergent
and post-emergent weed control, and Cu2+ is heavily used in indus-
try and agriculture. These three species are frequently detected as
organic (diuron and atrazine) and inorganic (Cu2+) contaminants in
soil and water.

The sorption experiments were performed using the batch
equilibrium technique in duplicate for each sorption test. A BC
sample of 0.01 g or soil of 0.02 g was suspended in 10 ml aliquots



Table 1
Characteristics of fresh BC, fresh BC after incubation at 70 �C for 6 months (BC6M) and historical BCs collected from charcoal blast furnaces in Quebec (QC) and Tennessee (TN).

Ca (mg/g) Na (mg/g) Ha (mg/g) Oa (mg/g) pHb AEC (at pH3.5) (mmole/kg C) CEC (at pH7.0) (mmole/kg C) PZNCc Surface area (m2/g)

Fresh BC 908 2 22 68 8.5 +99 +9 7.4 122
BC6M 871 2 29 98 7.9 +15 96 3.9 109
QC 721 2 42 236 4.8 Nil 956 2.0 2.1
TN 690 2 39 269 4.8 Nil 2144 1.8 2.3
QC BC soil 404 6.4 –d – 4.1 Nil 1423 < 2 2.2
TN BC soil 225 3.3 – – 5.3 Nil 1269 < 2 8.7
QC adjacent soil 32 2.4 – – 4.8 Nil 211 < 2 4.7
TN adjacent soil 13 0.9 – – 5.1 Nil 209 < 2 8.9

a Ash-free dry basis.
b Measured at 1:10 (w/v under water) for BC samples and 1:2.5 (w/v under 0.01 N CaCl2) for soil samples.
c Point of zero net charge.
d Not detected.
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of aqueous sorbent solution containing an initial concentration
ranging from 1 to 20 mg/l for diuron and atrazine and 5–300 mg/
l for Cu2+. The aqueous phase of the diuron and atrazine solution
received 200 mg/l NaN3 to inhibit aerobic microbial degradation.
The suspensions were shaken on a rotary shaker at 120 rpm at
27 �C in the dark for 24 h. Preliminary kinetic experiments had
shown that the sorption of diuron, atrazine and Cu2+ reached equi-
librium within 24 h. The solution was then filtered using a 0.45 lm
membrane (PALL, Millipore Millex-GS; Millipore, Billerca, MA). An
aliquot of the filtrate was transferred to an amber vial and
analyzed for the remaining amount of each sorbate. Diuron and
atrazine were quantified using high performance liquid chroma-
tography (HPLC) with a Waters X-Bridge RP-18 TM column and a
Water Alliance 2695 series. The mobile phase was 70:30 MeOH/
H2O (v:v) at 1 ml/min, and the injection volume was 50 ll. The
UV wavelength used to detect diuron and atrazine was 254 nm.
Cu2+ in the filtrate was measured using atomic adsorption
spectroscopy (Sensa AA, GBC, Victoria, Australia).

Because of the minimal sorption of the vials and the
apparent lack of biodegradation, the amount of sorbed diuron,
atrazine and Cu2+ (Qe, mg/g) was calculated on the basis of the
difference between the equilibrium concentration and the initial
concentration:

Q e ¼ ðCo � CeÞ½V=m� ð1Þ

The term Qe is the amount of sorbed diuron, atrazine or Cu2+; Co and
Ce represent the initial and equilibrium concentrations of diuron,
atrazine or Cu2+ in the aqueous solution; V is the solution volume
and m the weight of BC or soil. The variation in duplicate experi-
ments was generally < 5%, and the average data are reported. The
sorption isotherm was fitted with the commonly used Freundlich
and Langmuir equations:

Q e ¼ Kf Cn
e ð2Þ

Q e ¼ qmKLCe=ð1þ KLCeÞ ð3Þ

Qe is the amount of sorbed diuron, atrazine or Cu2+. Ce is the equi-
librium concentration. Kf ([mg/g] [mg/l]n) and n (dimensionless)
are the Freundlich parameters for the corresponding system, and
qm (mg/g) and KL (l/mg) are the Langmuir parameters related to
the maximum capacity of sorption and the binding energy of sorp-
tion, respectively. This study adopted the model achieving the
greatest degree of fit.

The sorption experiments were performed under the natural pH
of diuron, atrazine and Cu2+ solution. The pH of the BC-suspended
diuron, atrazine and Cu2+ solutions ranged from 5.7 to 7.3, 5.4 to
6.9 and 4.0 to 5.5, respectively. The fresh BC solutions displayed
the highest pH values, whereas the QC solutions had acidic values.
Under this pH range, diuron and atrazine were electrically neutral
and Cu2+ was cationic. The surface charge on fresh BC was positive
because the point zero net charge (PZNC) of fresh BC was at pH 7.4
(Table 1), whereas the BC6M and historical BC samples were
primarily negative because the PZNC for these samples was < 3.9
(Cheng et al., 2008a).
2.4. Biological assays for diuron and Cu2+

Two diuron levels of 1.5 and 6 mg/kg soil were used to as-
sess the effects of herbicide on the growth of ryegrass in soil
with and without BC amendment. The 1.5 mg/kg soil was at
the low end of the recommended use range and the 6 mg/kg
soil was at the high end. The BC samples of fresh BC and QC
were added to the soil at a rate of 0.1% and 1%, respectively.
A cultivated soil from Taoyung County, Taiwan, at a depth of
0–15 cm served as the control soil (Hseu and Chen, 1996). It
developed in an alluvial fan terrace derived from Quarternary
materials and is classified as a Typic Plinthaquic Paleudalf with
loam texture (14% clay, 41% silt and 46% Sand) and 1.4% organic
carbon (OC) content.

The diuron was prepared at 60 and 240 mg/l in acetone. An
aliquot (5 ml) of solution was added to 200 g soil with and with-
out BC amendments to achieve diuron levels of 0 (acetone with
no diuron), 1.5 and 6 mg/kg soil. The soil was thoroughly mixed
and placed to a round plastic pot 10 cm wide and 8 cm high.
For each pot, ten pregerminated ryegrass seeds with extended
radicles and hypocotyls 5–15 mm in length were placed evenly
on the surface of the soil. The pots were then placed in a com-
pletely randomized block design in a greenhouse. The growth of
the ryegrass seeds was monitored daily and maintained with ade-
quate water throughout. The mortality of the seeds influenced by
diuron was visually observed starting after 7 days and the sur-
vival rate (no injury) was evaluated after 21 days. A 100% survival
rate indicated no effect of herbicide and a 0% rate complete her-
bicide effect.

Similar biological assays were also conducted using Cu2+ at 0,
30, 150 and 350 mg Cu/kg soil. The ryegrass shoot biomass of
each pot served as an indicator for assessing the effect of BC
amendments under Cu2+ application. The ryegrass shoots were
clipped after 28 days and dried at 60 �C until constant wt. The
biological assays for both diuron and Cu2+ tests were performed
in triplicate.
2.5. Statistics

Curve fitting was conducted using SigmaPlot 10.0. Means test-
ing of biological assay was tested using one-way ANOVA and the
Tukey test in SAS software (version 9.1).



Fig. 2. Solid state 13C NMR spectra for fresh and historical (QC and TN) BC. The
asterisk refers to spinning side bands at ca. 100 ppm from the dominant aromatic C
resonance at 129 ppm.
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3. Results

3.1. BC properties

The long term exposure of BC in soils produced a higher O con-
tent and lower C content than fresh BC (Table 1). NEXAFS spectra of
BC pieces indicated that the formation of surface functional groups,
especially the carboxylic groups at 288.0–288.5 eV, caused the in-
crease in O content (Fig. 1). The formation of these surface func-
tional groups raised the surface negative charge of BC and
reduced the surface positive charge, shifting the point of zero net
charge from pH 7.4 for fresh BC to 3.9 for BC6M and < 2 for QC
and TN (Table 1). However, these changes in BC structure seemed
to be less significant for the bulk chemical structure. The NMR
spectra for QC and TN showed only a slight enhancement in O-aryl
C (145–165 ppm) and carboxyl C (165–190 ppm) and a dominant
peak from aromatic C in fresh BC at 129 ppm (Fig. 2).

The specific surface area of BCs decreased from 122 m2/g for
fresh BC to 109 m2/g for BC6M and then significantly decreased
to 2 and 1 m2/g for QC and TN, respectively (Table 1). The SEM
images in Fig. 3a and b show that the external surfaces of historical
BC particles were covered with a mixture of minerals, soil OM, or
other tiny BC particles, whereas Fig. 3c and d show an interior
wood-like morphology in historical BC particles. The SEM images
of fresh and historical BC did not display significant differences
in the interior morphology (Fig. 3c–f), suggesting that the reduc-
tion in surface area of historical BC may occur at the nanoscale of
molecular structure.

The BC-containing soils had higher C and N contents and surface
negative charge than the adjacent soils. However, the surface area
for the BC-containing soils at QC and TN was 2.2 and 8.7 m2/g,
respectively, and comparable with their adjacent soils.
3.2. Sorption of diuron, atrazine and Cu2+

Fig. 4 shows sorption data for diuron, atrazine and Cu2+. Table 2
shows Freundlich parameters for organic compounds and Lang-
muir parameters for Cu2+. The sorption isotherms of diuron and
atrazine on fresh BC exhibited greater sorption capacity than
BC6M and historical BCs. At an equilibrium concentration between
Fig. 1. Carbon near edge X-ray absorption fine structure (NEXAFS) spectra for fresh
BC, fresh BC incubated at 70 �C for 6 months (BC6M) and historical BC (QC and TN).
Vertical dashed lines indicate energy absorbance of aromatic C at 285 eV and
carboxylic C at 288 eV.
1 and 10 mg/l, the sorption capacity of BC6M and historical BC de-
creased by 56–91% over the concentration range. Fresh BC had a
greater degree of sorption nonlinearity, although it decreased in
BC6M and historical BC, such that the n values of the diuron sorp-
tion isotherms increased from 0.19 for fresh BC, which was highly
nonlinear, to 0.5 for historical BCs, which was moderately nonlin-
ear. Table 2 also shows the OC normalized distribution coefficient
KOC (mg/l), defined as KOC = (Qe/Ce)/OC on an OC basis, for BCs and
soils. At an equilibrium concentration of both Ce = 1 mg/l and
10 mg/l, the KOC values for diuron and atrazine sorption were high-
est for fresh BC and decreased by 44–88% for BC6M and historical
BCs. These results suggest the important effect of long term expo-
sure in soils on BC quality.

Unlike the sorption of diuron and atrazine, the fresh BC had the
lowest sorption capacity of Cu2+. However, the capacity increased
with the progressive change from BC6M to QC and TN. Because
the sorption isotherm of Cu2+ formed a plateau at an equilibrium
concentration beyond 15 mg/l, the Langmuir model produced bet-
ter fitting results (Fig. 4 and Table 2). The maximum sorption
capacity of Cu2+ in QC and TN reached 12.9 and 30 mg/g, respec-
tively, compared with 6.0 and 7.5 mg/g for fresh BC and BC6M.

The sorption capacity of diuron, atrazine and Cu2+ in BC-con-
taining soils were all greater than those for the adjacent soils
(Fig. 4). At an equilibrium concentration of 1 mg/l for both diuron
and atrazine solutions or 10 mg/l for the Cu2+ solution, the sorption
capacity of the BC-containing soils was 7–160 times that of the
adjacent soils. The nonlinearity and KOC values for diuron and atra-
zine sorption and the maximum sorption capacity for Cu2+ sorption
in the BC-containing soils were also greater than that of the adja-
cent soils. The Freundlich n values for diuron sorption were ca.
0.5 vs. 0.8, KOC for diuron sorption at 1 mg/l were 3.5 vs. 0.5 l/
mg C, and maximum sorption capacity of Cu2+ was 13 vs. 3 mg/g
for the BC-containing and adjacent soils, respectively.

3.3. Bioassay

Amending soil with fresh BC and QC reduced herbicide effi-
ciency (Table 3). At the low end of the recommended herbicide
application rate at 1.5 m/kg soil, 23% and 76% of the ryegrass sur-
vived when 0.1% of QC and fresh BC were used, respectively. The



Fig. 3. Scanning electron micrographs of historical BC (a–d, collected from a charcoal blast furnace in Quebec, Canada) and fresh BC (e and f); (a and b) are typical for
historical BC particles and their external surfaces are covered by mixtures of minerals, organic matter, or other tiny BC particles; (c and d) show cross-sectional views of the
historical BC interior and (e and f) cross-sectional views of the fresh BC interior. A wood-like morphology is retained in historical BC particles.
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survival rate increased to 76% and 100% when amendment of QC
and fresh BC increased to 1%, respectively. When the herbicide
application rate increased to 6 mg/kg, soil amended with 1% fresh
BC still had a 26% survival rate, but the survival rate for soil
amended with QC was 0%. These results show that fresh BC was
more effective at reducing herbicide efficiency than aged BC as
found for QC soils, which is consistent with its higher herbicide
sorption capability.

Unlike the results of herbicide application, the application of
Cu2+ did not cause the immediate mortality of ryegrass (survival
rate > 90% for each pot) but displayed Cu toxicity symptoms with
progressively smaller and more slender growth of the seeds as
the Cu2+ application rate increased from 0 to 350 mg/kg soil (Ta-
ble 4). Cu2+ application rate had no significant effect on the growth
of ryegrass seed biomass for control soil, soil amended with 1%
fresh BC and soil amended with 1% QC (Table 4). These results im-
ply that the influence of BC amendment on Cu2+ toxicity is weak
and unrelated to its Cu2+ sorption capability.

4. Discussion

4.1. Sorption of diuron, atrazine and Cu2+

The results indicate that the long term exposure of BC in soils
has a significant effect on both physiochemical structure and sorp-
tion properties. Aged (BC6M) and historical BCs (QC and TN) had
diminished sorption capacity for diuron and atrazine compared
with newly produced BC, whereas their sorption capacity for
Cu2+ was enhanced. The sorption capacity of diuron and atrazine
on fresh BC is in agreement with studies using carbonaceous mate-
rials (Chiou et al., 2000; Yang and Sheng, 2003a; Cornelissen et al.,
2005a). The lower sorption capabilities of diuron and atrazine on
historical BC corresponded well with the formation of surface O-
containing functional groups during the natural oxidation of BC.
O-containing surface functional groups are hydrophilic and are
therefore likely to reduce the hydrophobic interaction between
diuron or atrazine and the BC surface. These O-containing surface
functional groups also have greater affinity for water sorption,
and thus reduce the accessibility of diuron and atrazine to the
sorption sites (Nguyen and Ball, 2006). Moreover, the formation
of surface functional groups localizes the p electrons of the basal
plane of the BC surface and weakens the p–p interaction between
the aromatic ring of diuron and atrazine molecules and the basal
planes of the BC surface (Moreno-Castilla, 2004; Zhu and Pignatel-
lo, 2005). The decreased sorption capacity of BC6M vs. fresh BC
does reflect the idea that the oxidation of BC contributes to a
reduction in the sorption capacity of herbicides. This result is sim-
ilar to studies of hydroquinone (Cheng and Lehmann, 2009) and
pyrene (Hale et al., 2011) sorption.

The reduction in surface area may be another reason for the de-
creased sorption capacity of diuron and atrazine on historical BC.
The low surface area (2 m2/g) in this study was also reported by
James et al. (2005), Pignatello et al. (2006) and Hockaday et al.
(2007). This can be attributed to the blockage of pore spaces by a
coating of non-BC material (Pignatello et al., 2006; Hockaday
et al., 2007). However, when we calculated the sorption capacity
normalized to its surface area (unit mg/m2), the historical BC
exhibited a higher surface area-normalized sorption capacity than
fresh BC (data not shown). This finding is somewhat counterintui-
tive because historical BC is more hydrophilic than fresh BC. The
results may suggest that using N2 as the probe gas for characteriz-
ing an environmental BC surface for such a comparison was not va-
lid. For instance, Kwon and Pignatello (2005) showed that N2 gas
measurement at 77 K was blocked from reaching the internal pore
spaces coated with non-BC material, whereas these internal pore
spaces could be accessed by the sorbates at higher temperature.
Nevertheless, coating of non-BC material can still attenuate sorp-
tion capacity because the sorbed non-BC material could occupy
the sorption sites or act as competitive a sorbate for diuron and
atrazine sorption (Yang and Sheng, 2003b; Kwon and Pignatello,
2005; Pignatello et al., 2006; Wang et al., 2008; Cheng and Leh-
mann, 2009).

In addition to the reduced sorption capacity of diuron and atra-
zine, historical BC exhibits a lower nonlinearity. This is likely the
result of the oxidation or the surface coating of non-BC OM of
BC. It is because both oxidation and surface coating processes par-
ticularly reduce sorption capacity at the lower equilibrium concen-
tration and bend the sorption isotherm toward a more linear shape
(e.g. Chun et al., 2004; Pignatello et al., 2006; Wang et al., 2008).

Although the long term exposure of BC reduces its ability for
diuron and atrazine sorption, the sorption capacity, sorption
nonlinearity and KOC of BC-containing soils are still greater than
those of adjacent soils. These results are in agreement with many
studies demonstrating that the BC fraction of soils/sediments with
a higher BC fraction possesses stronger sorption capacity and
sorption nonlinearity than the non-BC fraction (e.g. Accardi-Dey



Fig. 4. Sorption isotherms for diuron, atrazine and Cu2+ on BCs (a, c and e) and soils (b, d, and f).
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and Gschwend, 2002; Yang and Sheng, 2003a; Xiao et al., 2004;
Cornelissen et al., 2005b; Sobek et al., 2009). Our study further
indicates that BC can retain part of this high sorption capacity
and nonlinearity on a centennial scale. The high sorption capability
of BC is generally due to its relatively rigid, planar and aromatic
surface, whereas the non-BC material is less condensed and con-
sists of more polyanionic macromolecules (Lu and Pingatello,
2004; Cornelissen et al., 2005b). The NMR spectra and elemental
analysis in this study confirmed that the historical BC was con-
densed carbonaceous material consisting primarily of highly aro-
matic C. However, XPS (Cheng et al., 2008a) and NEXAFS spectra
indicated that the surface of historical BC contains a greater por-
tion of O-containing functional groups. This suggests that herbi-
cides can be sorbed on the nonpolar aromatic patch of the BC
surface or move into the aromatic sorption sites in the interior
pores that are undetected with the surface-oriented XPS and
NEXAFS techniques.

Unlike the sorption of diuron and atrazine, the sorption of Cu2+

by historical BC was substantially higher than that of fresh BC.
This higher sorption capability of Cu2+ can be attributed to the
formation of surface O-containing functional groups that directly
enhance the surface negative charge and provide more electro-
static attraction between the Cu2+ and the BC surface (Cheng
et al., 2008a). These findings of greater Cu2+ sorption on historical
BC are in agreement with studies using various oxidizing agents
(e.g. chemical oxidants, O3 and thermal oxidation) to enhance cat-
ion uptake (Toles et al., 1999; Demirbas et al., 2009). The long term
natural oxidation of BC can produce a similar range of maximum
Cu2+ sorption capacity with other biomass chars artificially oxi-
dized by chemical reagents (Demirbas et al., 2009).

4.2. Bioassay of BC amended soils under diuron and Cu2+ applications

The results of the bioassay in herbicide experiments and the re-
sults of previous studies suggest that BC amendments in soils can
effectively reduce herbicide efficiency (Yang et al., 2006; Yu et al.,
2006; Nag et al., 2011; Jones et al., 2011; Graber et al., 2012; Mar-
tin et al., 2012). Similar to the sorption capacity of the herbicide,
the newly produced BC is better at reducing herbicide efficiency
than historical BC. Hence, the effect of herbicide effectiveness from



Table 2
Freundlich and Langmuir parameters for sorption isotherms of diuron, atrazine and Cu2+ on BC and soils.

Freundlich model Kf n R2 Qe (mg/g) at 1 mg/l KOC (L/mg) at 1 mg/l Qe (mg/g) at 10 mg/l KOC (L/mg) at 10 mg/l

Diuron
Fresh BC 8.52 0.19 0.90 8.52 9.38 13.32 1.47
BC6M 2.77 0.20 0.99 2.77 3.18 4.36 0.50
QC 2.02 0.47 1.00 2.02 2.79 5.89 0.82
TN 1.64 0.52 0.99 1.64 2.38 5.40 0.78
QC BC soils 1.60 0.50 1.00 1.60 3.96 5.02 1.24
TN BC soils 0.62 0.56 1.00 0.62 2.75 2.24 1.00
QC adjacent soils 0.01 0.88 0.98 0.01 0.31 0.08 0.24
TN adjacent soils 0.01 0.65 0.96 0.01 1.04 0.06 0.47

Atrazine
Fresh BC 3.78 0.16 1.00 3.78 4.16 5.46 0.60
BC6M 0.95 0.24 0.99 0.95 1.10 1.65 0.19
QC 0.34 0.53 0.99 0.34 0.48 1.16 0.16
TN 0.44 0.51 0.95 0.44 0.63 1.43 0.21
QC BC soils 0.29 0.55 0.98 0.29 0.72 1.04 0.26
TN BC soils 0.16 0.54 0.96 0.16 0.69 0.54 0.24
QC adjacent soils 0.003 1.23 0.81 0.003 0.08 0.005 0.14
TN adjacent soils 0.001 1.37 0.99 0.001 0.09 0.003 0.22

Langmuir model qmax b R2 Qe at 10 mg/l Qe at 50 mg/l

Cu2+

Fresh BC 5.98 0.04 0.98 1.62 3.89
6 month BC 7.47 0.09 0.98 3.56 6.12
QC 12.91 0.60 0.98 11.08 12.50
TN 30.12 0.44 0.99 29.45 29.98
QC BC soils 13.79 0.36 0.98 10.81 13.07
TN BC soils 12.60 0.78 0.99 11.17 12.29
QC adjacent soils 3.32 0.07 1.00 1.40 2.61
TN adjacent soils 3.09 0.10 1.00 1.57 2.59

Table 3
Survival rating (%) of ryegrass seeds in soil with different diuron doses (0, 1.5 and
6 mg/kg) and BC amendments (0, 0.1% and 1%) 3 weeks after planting.

Rate of diuron (mg/kg)

0 1.5 6

Control soil 100a 0 0
Soil + 0.1% fresh BC 100 83 ± 7b 0
Soil + 1% fresh BC 100 100 26 ± 13
Soil + 0.1% QC 100 19 ± 9 0
Soil + 1% QC 100 76 ± 12 0

a 100% survival of ryegrass seeds and 0 no survival.
b Survival rate ± SE (n = 3).

Table 4
Dry wt. (mg/pot) of ryegrass shoot biomass in soils with different Cu2+ dozes (0, 30,
150 and 350 mg/kg soil) and BC amendments (0% and 1%) 4 weeks after planting; ns,
no significance among treatments).

Dose of Cu2+ (mg/kg soil)

0 30 150 350

Control soil 65 ± 15a 56 ± 2 53 ± 4 34 ± 1
Soil + 1% fresh BC 57 ± 4 57 ± 3 56 ± 1 31 ± 3
Soil + 1% QC 60 ± 4 51 ± 6 48 ± 8 31 ± 3

ns ns ns ns

a Dry wt. ± SE (n = 3).

Fig. 5. Conceptual model of an environmental BC particle after long term exposure
in soil. White represents the surface O-containing functional groups on the edge of a
BC particle, gray the aromatic-rich core structure of BC and dark brown spots
coatings of non-BC material. The sorption properties of BC particles are a complex
interplay among these components.
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BC amendments is likely to be alleviated over time, but minor
effectiveness on reducing herbicide efficiency in the historical BC
still exists and can persist longer than expected (Graber et al.,
2011; Jones et al., 2011; Martin et al., 2012). In agricultural
applications, BC may be amended periodically, and the aging
process of BC in reducing herbicide inefficiency would become less
important.
Unlike the results of herbicide application, no significant differ-
ences in ryegrass seed growth appeared for the control soil and the
soils amended with 1% fresh BC and QC, respectively, for any Cu2+

application rate. The variation in sorption capacity results suggests
that Cu2+ is only slightly sorbed by the surface functional groups of
BC and is available for root uptake. Previous research has suggested
that the sorption of Cu2+ on the BC surface is easily reversible (Roz-
ada et al., 2008) and root exudates may also enhance the exchange
of the sorbed Cu2+ and facilitate Cu2+ uptake (Mench and Martin,
1991). However, some studies report that BC amendments reduce
Cu phytotoxicity (Buss et al., 2011; Park et al., 2011). This discrep-
ancy is likely caused by these studies having applied alkaline BC
(pH > 10), which immobilized the Cu2+ because of greater ligand
sorption and precipitation induced by BC application (Cao et al.,
2009; Buss et al., 2011). However, this mechanism cannot occur
for QC amendment because of its intrinsically low pH.
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4.3. Structural model for BC particle and its environmental relevance

To clarify our results, a conceptual model for environmental BC
that demonstrates its sorption characteristic is illustrated in Fig 5.
An environmental BC particle can be depicted as three major com-
ponents: (i) surface O-containing functional groups, (ii) sorbed
non-BC material and (iii) an aromatic-rich core structure. Its sorp-
tion properties are the result of an interplay between these three
components and the properties of sorbates.

4.3.1. Surface O-containing functional groups
Surface O-containing functional groups develop along the

peripheral edge of the BC structure through both short term
(Cheng et al., 2006) and long term natural oxidation (Cheng
et al., 2008a). Unlike newly produced BC, the formation of surface
O-containing functional groups causes environmental BC to be-
come hydrophilic and less favorable for sorbing herbicides. In con-
trast, the negative charge of O-containing surface functional
groups allows environmental BC to be more electrostatically
attractive for cations, including heavy metal ions and cation nutri-
ents (e.g. Ca, K and Mg).

4.3.2. Sorbed non-BC material
When BC is added to soils, it begins to interact with other soil

components. The sorbed non-BC material may occupy sorption
sites or act as a competitive sorbate that lowers the herbicide sorp-
tion capacity. In addition, the sorbed non-BC material can block the
inner pore spaces of BC and decrease its surface area. This interac-
tion between BC and minerals may also protect BC in soil against
microbial decomposition (Brodowski et al., 2005).

4.3.3. Aromatic-rich core structure
Despite the formation of O-containing functional groups along

the peripheral edge of the BC structure, the aromatic-rich core
structure still predominates for the environmental BC particle.
The aromatic-rich core structure distinguishes BC from non-BC
material. This structure makes BC resistant to microbial decompo-
sition (Baldock and Smernik, 2002). In pore interiors and micro-
sites, aromatic functional groups retain high sorption ability
toward pesticides or other hydrophobic compounds.

The proposed model is important for characterizing the BC
structure and sorption properties in soils. This is especially true be-
cause no chemical pretreatment for BC samples was conducted.
Analytical pretreatment by combustion at 375 �C or extraction to
remove the non-BC fraction and physically isolate BC for further
characterization are widely used, and these processes may alter
the surface functionality of the residual fraction and change the
overall sorption property (Chun et al., 2004; Xiao et al., 2004). In
addition, the comparison between the fresh and historical BC in
this study was based on BC samples with similar feedstock and
charring conditions. This is significant because the sorption prop-
erties of BC differ with its source and charring conditions. The BC
samples used were man-made from specific hardwood and also
carefully tended by colliers to provide suitable charcoal for iron-
making in a charcoal blast furnace.

This study examined the sorption properties of organic com-
pounds on BCs using diuron and atrazine. Previous studies have
shown that BC is a strong sorbent for a wide range of organic con-
taminants, including polycyclic aromatic hydrocarbons, polychlori-
nated biphenyls, dioxins, polybrominated diphenylethers and
pesticides (Accardi-Dey and Gschwend, 2002; Cornelissen et al.,
2004, 2005b; Koelmans et al., 2006; Sobek et al., 2009). Although
the study did not test these compounds, similar effects can be
anticipated because the changes of surface functionality and sur-
face coating caused by the long term exposure of BC should be
equally important (Moreno-Castilla, 2004). Similarly, the signifi-
cant increase in Cu2+ sorption capacity after long term exposure
of BC should have the same effect for other cationic ions in the soil,
including K, Ca and Mg. Increasing cation sorption is an important
factor in retaining soil nutrients and thus plays an important role
in soil fertility (Glaser et al., 2002; Liang et al., 2006; Cheng et al.,
2008a).

Although BC amendments inactivate herbicide efficiency, they
also have the positive outcome in reducing the risk of environmen-
tal contamination and human exposure to contaminants. For
example, the amendment of contaminated sediments with BC
has been proposed as a management method to immobilize organ-
ic contaminants and biological accumulation in benthic organisms
(Koelmans et al., 2006). Along with its recalcitrance in environ-
ments, BC has a significant long term effect on the toxicity of con-
taminants and soil fertility.

5. Conclusions

The results indicate that the long term exposure of BC in soils
has a significant effect on both physiochemical structure and sorp-
tion properties. The findings include: (i) the BC sorption of pesti-
cides is diminished after long term exposure in soils, whereas the
sorption of cations is enhanced; (ii) soils containing a high level
of historical BC still exhibit a higher sorption capacity, sorption
nonlinearity and KOC to herbicides than adjacent control soils;
and (iii) BC amendments reduce herbicide efficiency because new-
ly produced BC substantially hindered herbicide efficiency, but his-
torical BC still exerted an influence on reducing herbicide
efficiency. These changes in BC sorption properties can be inter-
preted in terms of changes in BC structure. Thus, a conceptual
model for environmental BC connected with its sorption properties
is illustrated. The conceptual model depicts three major compo-
nents of an environmental BC particle: (i) surface O-containing
functional groups, (ii) attached non-BC material and (iii) an aro-
matic-rich core structure. The sorption properties of BC are a result
of the interplay among these components. Along with its recalci-
trance in environments, BC has a significant long term effect on
the toxicity of contaminants and soil fertility.

Acknowledgments

We thank the anonymous reviewers, whose insightful com-
ments have led to significant improvement of the manuscript.
The study was supported by the National Science Council of Tai-
wan and a cooperative grant from the National Science Council
of Taiwan and the Siberian Branch of the Russian Academy of Sci-
ences (Project No. 101-2923-B-002-002). We gratefully acknowl-
edge Y.-H. Huang and C.-Y. Cheng for assistance with lab work.

Associate Editor—I. Koegel-Knabner

References

Accardi-Dey, A., Gschwend, P.M., 2002. Assessing the combined roles of natural
organic matter and black carbon as sorbents in sediments. Environmental
Science and Technology 36, 21–29.

Atkinson, C.J., Fitzgerald, J.D., Hipps, N.A., 2010. Potential mechanism for achieving
agricultural benefits from biochar application to temperate soils: a review.
Plant and Soil 337, 1–18.

Baldock, J.A., Smernik, R.J., 2002. Chemical composition and bioavailability of
thermally altered Pinus resinosa (Red pine) wood. Organic Geochemistry 33,
1093–1109.

Brodowski, S., Amelung, W., Haumaier, L., Abetz, C., Zech, W., 2005. Morphological
and chemical properties of black carbon in physical soil fractions as revealed by
scanning electron microscopy and energy-dispersive X-ray spectroscopy.
Geoderma 128, 116–129.

Buss, W., Kammann, C., Koyro, H.-W., 2011. Biochar reduces copper toxicity in
Chenopodium quinoa Wild. in a sandy soil. Journal of Environmental Quality 40,
1–9.

http://refhub.elsevier.com/S0146-6380(14)00058-8/h0005
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0005
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0005
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0010
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0010
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0010
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0015
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0015
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0015
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0020
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0020
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0020
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0020
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0025
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0025
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0025


C.-H. Cheng et al. / Organic Geochemistry 70 (2014) 53–61 61
Cao, X., Ma, L., Gao, B., Harris, W., 2009. Dairy-manure derived biochar effectively
sorbs lead and atrazine. Environmental Science and Technology 43, 3285–
3291.

Chan, K.Y., Van Zwieten, L., Meszaros, I., Downie, A., Joseph, S., 2007. Agronomic
values of greenwaste biochar as a soil amendment. Australian Journal of Soil
Research 45, 629–634.

Cheng, C.H., Lehmann, J., 2009. Ageing of black carbon along a temperature gradient.
Chemosphere 75, 1021–1027.

Cheng, C.H., Lehmann, J., Engelhard, M.H., 2008a. Natural oxidation of black carbon
in soils: changes in molecular form and surface charge along a climosequence.
Geochimica et Cosmochimica Acta 72, 1598–1610.

Cheng, C.H., Lehmann, Thies., J., Burton, S.D., 2008b. Stability of black carbon in soils
across a climatic gradient. Journal of Geophysical Research 113, G02027.

Cheng, C.H., Lehmann, J., Thies, J., Burton, S.D., Engelhard, M.H., 2006. Oxidation of
black carbon by biotic and abiotic processes. Organic Geochemistry 37, 1477–
1488.

Chiou, C.T., Kile, D.E., Rutherford, D.W., 2000. Sorption of selected organic
compounds from water to a peat soil and its humic-acid and humin fractions:
potential sources of the sorption nonlinearity. Environmental Science and
Technology 34, 1254–1258.

Chun, Y., Sheng, G., Chiou, G.T., 2004. Evaluation of current techniques for isolation
of chars as natural adsorbents. Environmental Science and Technology 38,
4227–4232.

Cornelissen, G., Gustffsson, O., 2006. Effects of added PAHs and precipitated humic
acid coating on phenanthrene sorption to environmental black carbon.
Environmental Pollution 141, 526–531.

Cornelissen, G., Elmquist, M., Groth, I., Gustaffson, O., 2004. Effect of sorbate
planarity on environmental black carbon sorption. Environmental Science and
Technology 38, 3574–3580.

Cornelissen, G., Haftka, J., Parsons, J., Gustaffson, O., 2005a. Sorption to black carbon
of organic compounds with varying polarity and planarity. Environmental
Science and Technology 39, 3688–3694.

Cornelissen, G., Gustafsson, O., Bucheli, T.D., Jonker, M.T.O., Koelmans, A.A., Van
Noort, P.C.M., 2005b. Extensive sorption of organic compounds to black carbon,
coal, and kerogen in sediments and soils: mechanisms and consequences for
distribution, bioaccumulation, and biodegradation. Environmental Science and
Technology 39, 6881–6895.

Demirbas, E., Dizge, N., Sulak, M.T., Kobya, M., 2009. Adsorption kinetics and
equilibrium of copper from aqueous solutions using hazelnut shell activated
carbon. Chemical Engineering Journal 148, 480–487.

Glaser, B., Lehmann, J., Zech, W., 2002. Ameliorating physical and chemical
properties of highly weathered soils in the tropics with charcoal – a review.
Biology and Fertility of Soils 35, 219–230.

Graber, E.R., Tsechansky, L., Khanukov, J., Oka, Y., 2011. Sorption, volatilization, and
efficiency of the fumigant 1,3-dichloropropene in a biochar-amended soil. Soil
Science Society of America Journal 75, 1365–1373.

Graber, E.R., Tsechansky, L., Gerstl, Z., Lew, B., 2012. High surface area biochar
negatively impacts herbicide efficiency. Plant and Soil 353, 95–106.

Haberstroh, P.R., Brandes, J.A., Gelinas, Y., Dickens, A.F., Wirick, S., Cody, G., 2006.
Chemical composition of the graphitic black carbon fraction in riverine and
marine sediments at sub-micro scales using carbon X-ray spectromicroscopy.
Geochimica et Cosmochimica Acta 70, 1483–1494.

Hale, S.E., Hanley, K., Lehmann, J., Zimmerman, A.R., Cornelissen, G., 2011. Effects of
chemical, biological, and physical aging as well as soil addition on the sorption
of pyrene on activated and biochar. Environmental Science and Technology 45,
10445–10453.

Heymann, K., Lehmann, J., Solomon, D., Schmidt, M.W.I., Regier, T., 2011. C 1s K-
edge near edge X-ray absorption fine structure (NEXAFS) spectroscopy for
characterizing functional group chemistry of black carbon. Organic
Geochemistry 42, 1055–1064.

Hockaday, W.C., Grannas, A.M., Kim, S., Hatcher, P.G., 2007. The transformation and
mobility of charcoal in a fire-impacted watershed. Geochimica et Cosmochimica
Acta 71, 3432–3445.

Hseu, C.Y., Chen, Z.S., 1996. Saturation, reduction, and redox morphology of
seasonally flooded Alfisols in Taiwan. Soil Science Society of America Journal 60,
941–949.

James, G., Sabatini, D.A., Chiou, C.T., Rutherford, D., Scott, A.C., Karapanagioti, H.K.,
2005. Evaluating phenanthrene sorption on various wood chars. Water
Research 39, 549–558.

Jones, D.L., Edwards-Jones, G., Murphy, D.V., 2011. Biochar mediated alterations in
herbicide breakdown and leaching in soil. Soil Biology and Biochemistry 43,
804–813.

Kimetu, J., Lehmann, J., Ngoze, S., Mugendi, D., Kinyangi, J., Riha, S., Verchot, L.,
Recha, J., Pell, A., 2008. Reversibility of soil productivity decline with organic
matter of differing quality along a degradation gradient. Ecosystems 11, 726–
739.

Koelmans, A.A., Jonker, M.T.O., Cornelissen, G., Bucheli, T.D., Van Noort, P.C.M.,
Gustafsson, O., 2006. Black carbon: the reverse of its dark side. Chemosphere 63,
365–377.
Kookana, R.S., 2010. The role of biochar in modifying the environmental fate,
bioavailability, and efficiency of pesticides in soils: a review. Australian Journal
of Soil Research 48, 627–637.

Kwon, S., Pignatello, J.J., 2005. Effect of natural organic substances on the surface
and adsorptive properties of environmental black carbon (char): pseudo pore
blockage by model lipid components and its implications for N2-probed surface
properties of natural sorbents. Environmental Science and Technology 39,
7932–7939.

Lehmann, J., 2007. Bio-energy in the black. Frontiers in Ecology and the
Environment 5, 381–387.

Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossmann, J., O’Neill, B., Skjemstad,
J.O., Thies, J., Luizao, F.J., Petersen, J., Neves, E.G., 2006. Black carbon increases
cation exchange capacity in soils. Soil Science Society of America Journal 70,
1719–1730.

Lu, Y., Pingatello, J.J., 2004. Sorption of apolar aromatic compounds to soil humic
acid particles affected by aluminum(III) ion cross-linking. Journal of
Environmental Quality 33, 1314–2004.

Major, J., Rondon, M., Molina, D., Riha, S., Lehmann, J., 2010. Maize yield and
nutrition during 4 years after biochar application to a Colombian savanna
oxisol. Plant and Soil 333, 117–128.

Martin, S.M., Kookana, R.S., Van Zwieten, L., Krull, E., 2012. Marked changes in
herbicide sorption–desorption upon ageing of biochars in soil. Journal of
Hazardous Materials 231–232, 70–78.

Mench, M., Martin, E., 1991. Mobilization of cadmium and other metals from two
soils by root exudates of Zea mays L., Nicotiana tabacum L., and Nicotiana rustica
L.. Plant and Soil 132, 187–196.

Moreno-Castilla, C., 2004. Adsorption of organic molecules from aqueous solutions
on carbon materials. Carbon 42, 83–94.

Nag, S.K., Kookana, R., Smith, L., Krull, E., Macdonald, L.M., Gill, G., 2011. Poor
efficiency of herbicides in biochar-amended soils as affected by their chemistry
and mode of action. Chemosphere 84, 1572–1577.

Nguyen, T.H., Ball, W.P., 2006. Adsorption and adsorption of hydrophobic organic
contaminants to diesel and hexane soot. Environmental Science and Technology
40, 2958–2964.

Park, J.H., Choppala, G.K., Bolan, N.S., Chung, J.W., Chuasavathi, T., 2011. Biochar
reduces the bioavailability and phytotoxicity of heavy metals. Plant and Soil
348, 439–451.

Pignatello, J.J., Kwon, S., Lu, Y., 2006. Effect of natural organic substances on the
surface and adsorptive properties of environmental black carbon (char):
attenuation of surface activity by humic and fulvic acids. Environmental
Science and Technology 40, 7757–7763.

Rozada, F., Otero, M., Moran, A., Garcia, A.I., 2008. Adsorption of heavy metals onto
sewage sludge-derived materials. Bioresource Technology 99, 6332–6338.

Sobek, A., Stamm, N., Bucheli, T.D., 2009. Sorption of phenyl urea herbicides to black
carbon. Environmental Science and Technology 43, 8147–8152.

Sohi, S.P., Krull, E., Lopez-Capel, E., Bol, R., 2010. The review of biochar and its use
and function in soil. Advances in Agronomy 105, 47–82.

Solomon, D., Lehmann, J., Kinyangi, J., Liang, B., Heymann, K., Dathe, L., Hanley, K.,
Wirick, S., Jacobsen, C., 2009. Biogeochemically relevant reference organic
compounds. Soil Science Society of America Journal 73, 1817–1830.

Spokas, K.A., Cantrell, K.B., Novak, J.M., Archer, D.W., Ipolito, J.A., Collins, H.P.,
Boateng, A.A., Lima, I.M., Lamb, M.C., McAloon, A.J., Lentz, R.D., Nichols, K.A.,
2012. Biochar: a synthesis of its agronomic impact beyond carbon
sequestration. Journal of Environmental Quality 41, 973–989.

Toles, C.A., Marshall, W.E., Johns, M.M., 1999. Surface functional groups on acid-
activated nutshell carbons. Carbon 37, 1207–1214.

Wang, X., Lu, J., Xing, B., 2008. Sorption of organic contaminants by carbon
nanotubes: influence of adsorbed organic matter. Environmental Science and
Technology 42, 3207–3212.

Xiao, B., Yu, Z., Huang, W., Song, J., Peng, P., 2004. Black carbon and kerogen in soils
and sediments. 2. Their roles in equilibrium sorption of less-polar organic
pollutants. Environmental Science and Technology 38, 5842–5852.

Yang, Y., Sheng, G., 2003a. Enhance pesticide sorption by soils containing particulate
matter from crop residue burns. Environmental Science and Technology 37,
3635–3639.

Yang, Y., Sheng, G., 2003b. Pesticide adsorptivity of aged particulate matter arising
from crop residue burns. Journal of Agricultural and Food Chemistry 51, 5047–
5051.

Yang, Y.N., Sheng, G., Huang, M.S., 2006. Bioavailability of diuron in soil containing
wheat–straw-derived char. Science of the Total Environment 354, 170–178.

Yu, X., Ying, G., Kookana, R.S., 2006. Sorption and desorption behaviors of diuron in
soils amended with charcoal. Journal of Agricultural and Food Chemistry 54,
8545–8550.

Zhu, D., Pignatello, J.J., 2005. Characterization of aromatic compound sorptive
interactions with black carbon (charcoal) assisted by graphite as a model.
Environmental Science and Technology 39, 2033–2041.

Zimmerman, A.R., 2010. Abiotic and microbial oxidation of laboratory-produced
black carbon (biochar). Environmental Science and Technology 44, 1295–1301.

http://refhub.elsevier.com/S0146-6380(14)00058-8/h0030
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0030
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0030
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0035
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0035
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0035
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0040
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0040
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0045
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0045
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0045
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0050
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0050
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0055
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0055
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0055
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0060
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0060
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0060
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0060
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0065
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0065
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0065
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0070
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0070
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0070
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0075
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0075
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0075
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0080
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0080
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0080
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0085
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0085
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0085
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0085
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0085
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0090
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0090
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0090
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0095
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0095
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0095
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0100
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0100
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0100
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0105
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0105
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0110
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0110
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0110
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0110
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0115
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0115
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0115
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0115
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0120
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0120
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0120
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0120
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0125
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0125
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0125
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0130
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0130
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0130
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0135
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0135
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0135
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0140
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0140
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0140
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0145
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0145
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0145
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0145
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0150
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0150
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0150
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0155
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0155
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0155
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0160
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0160
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0160
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0160
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0160
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0160
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0170
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0170
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0175
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0175
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0175
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0175
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0180
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0180
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0180
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0185
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0185
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0185
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0190
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0190
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0190
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0195
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0195
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0195
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0200
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0200
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0205
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0205
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0205
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0210
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0210
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0210
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0215
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0215
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0215
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0220
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0220
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0220
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0220
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0225
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0225
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0230
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0230
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0235
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0235
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0240
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0240
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0240
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0245
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0245
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0245
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0245
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0250
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0250
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0255
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0255
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0255
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0260
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0260
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0260
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0265
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0265
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0265
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0270
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0270
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0270
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0275
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0275
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0280
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0280
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0280
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0285
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0285
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0285
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0290
http://refhub.elsevier.com/S0146-6380(14)00058-8/h0290

	Sorption properties for black carbon (wood char) after long term exposure in soils
	1 Introduction
	2 Material and methods
	2.1 BC and soil samples
	2.2 Properties of BC and soil
	2.3 Sorption isotherms
	2.4 Biological assays for diuron and Cu2+
	2.5 Statistics

	3 Results
	3.1 BC properties
	3.2 Sorption of diuron, atrazine and Cu2+
	3.3 Bioassay

	4 Discussion
	4.1 Sorption of diuron, atrazine and Cu2+
	4.2 Bioassay of BC amended soils under diuron and Cu2+ applications
	4.3 Structural model for BC particle and its environmental relevance
	4.3.1 Surface O-containing functional groups
	4.3.2 Sorbed non-BC material
	4.3.3 Aromatic-rich core structure


	5 Conclusions
	Acknowledgments
	References


