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Abstract Biochar amendment can alter soil properties,
for instance, the ability to adsorb and degrade different
chemicals. However, ageing of the biochar, due to pro-
cesses occurring in the soil over time, can influence such
biochar-mediated effects. This study examined how
biochar affected adsorption and degradation of two her-
bicides, glyphosate (N-(phosphonomethyl)-glycine) and
diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) in
soil and how these effects were modulated by ageing
of the biochar. One sandy and one clayey soil that had
been freshly amended with a wood-based biochar (0, 1,
10, 20 and 30% w/w) were studied. An ageing experi-
ment, in which the soil-biochar mixtures were aged for
3.5 months in the laboratory, was also performed.
Adsorption and degradation were studied in these soil
and soil-biochar mixtures, and compared to results from

a soil historically enriched with charcoal. Biochar
amendment increased the pH in both soils and increased
the water-holding capacity of the sandy soil. Adsorption
of diuron was enhanced by biochar amendment in both
soils, while glyphosate adsorption was decreased in the
sandy soil. Ageing of soil-biochar mixtures decreased
adsorption of both herbicides in comparisonwith freshly
biochar-amended soil. Herbicide degradation rates were
not consistently affected by biochar amendment or age-
ing in any of the soils. However, glyphosate half-lives
correlated with the Freundlich Kf values in the clayey
soil, indicating that degradation was limited by avail-
ability there.

Keywords Biochar . Glyphosate . Diuron . Herbicide
degradation . Adsorption . Biochar ageing

1 Introduction

Biochar is a carbon-rich material created by pyrolysis,
i.e. incomplete combustion of biomass at temperatures
between 200 and 800 °C under limited presence of
oxygen (Kookana 2010). Biochar can be made from
different organic substrates (wood, straw, manure) using
a wide range of pyrolysis conditions, which results in
highly variable properties. The feedstock usually deter-
mines the chemical composition, quantity of
macropores and nutrient content in biochar. Pyrolysis
conditions (time, temperature, pressure) determine the
morphology and surface structure changes in feedstock
and C/H content (Ahmad et al. 2014). There is currently
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great interest in using biochar application for improving
the properties of agricultural soils, as it generally re-
duces soil acidity and increases soil porosity and water-
holding capacity. Other potential effects of biochar
amendment to soil include carbon sequestration and
reduction of greenhouse gas emissions, improved soil
fertility, plant growth promotion and sorption and deac-
tivation of agrochemicals (Ahmad et al. 2014;
Biederman and Harpole 2013; Cayuela et al. 2014;
Jeffery et al. 2011).

The high capacity of biochars to bind pollutants
makes them useful for remediation of urban soils, waste-
lands and wastewaters (Beesley et al. 2011; Herath et al.
2016; Kookana 2010). Biochar can non-selectively ad-
sorb different types of organic and inorganic chemicals
because of its large surface area and high porosity
(Herath et al. 2016). In addition, specific adsorption sites
on the biochar surface, such as the aromatic-rich core
structure and oxidised surface groups with variable
charge and hydrophobicity, can lead to more selective
interactions with herbicides. Biochar-mediated in-
creases in adsorption to soil have been observed for
many herbicides, for example diuron (Yang et al.
2006), bromoxyl and ametryne (Sheng et al. 2005),
simazine (Jones et al. 2011) and MCPA (Tatarková
et al. 2013).

Although soil amendment by biochar is a promising
technique for pollutant retention, biochar may lose some
of its beneficial properties due to ageing. Ageing is a
combination of several processes occurring after the
biochar has been incorporated into the soil that may
have contrasting effects on its adsorption properties.
On the one hand, these processes can lead to increased
adsorption, as oxidation of exposed C rings with high
density of π electrons leads to the introduction of
oxygen-containing functional groups on the biochar
surface (Joseph et al. 2010). Changes in surface charge,
with an increase in cation exchange capacity, are usually
observed as a consequence of ageing (Cheng et al.
2008). Degradation of hydrophobic materials that have
condensed on the biochar surface during pyrolysis leads
to an increase in porosity and adsorption of some pesti-
cides (Trigo et al. 2014). On the other hand, adsorption
of labile organic compounds and soil mineral particles
may block access to many of the adsorption sites.
Minerals may be adsorbed on the surface of biochar,
due to presence of carboxylic and phenolic functional
groups introduced by oxidation and of previously
adsorbed soil organic matter (Lin et al. 2012). Such

processes have the potential to reduce adsorption of
pesticides.

In fact, while addition of fresh biochar to soil gener-
ally increases herbicide sorption, a significant decrease
in adsorption is a common result of the biochar ageing
process (Hale et al. 2011;Martin et al. 2012; Zhang et al.
2016). For example, atrazine adsorption in soil amended
with biochar 32 months earlier was similar to that in
control soil (Martin et al. 2012). Thus, ageing may limit
the usefulness of biochar application for remediation
purposes (Zhang et al. 2016). However, there is evi-
dence that in some cases, biochar can serve as an effec-
t ive sorbent of herbic ides ( indazi f lam and
fluoroethyldiaminotriazin) for at least 2 years (Trigo
et al. 2014).

Biochar amendment also affects the degradation of
herbicides in soil in several ways and the effects can be
either stimulatory or suppressive. Biochar may contain
available nutrients that stimulate overall microbial ac-
tivity and thus degradation (Jablonowski et al. 2013;
Safaei Khorram et al. 2016). However, degradation of
herbicides in biochar-amended soils is most commonly
reduced because herbicide adsorption increases
(Beesley et al. 2011). Biochar also sorbs dissolved or-
ganic carbon, which can contribute to co-metabolic
biodegradation (Lin et al. 2012). Some changes in the
degradation rate can be a result of indirect effects of
biochar amendment, e.g. changes in soil pH, albedo and
aeration.

The aim of this study was to investigate how the
effects of biochar on adsorption and microbial degrada-
tion of herbicides in soil are modulated by herbicide
type, soil type and ageing processes. Two herbicides
(glyphosate and diuron) were chosen because of their
contrasting chemical properties and prior knowledge
about differences in their sorption affinity for soil and
biochar. Glyphosate usually binds strongly to inorganic
soil constituents such as clay particles, iron and alumin-
ium oxides (Mamy and Barriuso 2005; Pessagno et al.
2008; Vereecken 2005). In contrast, diuron is mostly
adsorbed to organic matter in the soil (Ahangar et al.
2008) and has been shown by several authors to adsorb
strongly to biochar (Martin et al. 2012; Yang et al. 2006;
Yang and Sheng 2003).

Based on previous results (Cederlund et al. 2016),
our starting hypothesis was that biochar amendment
increases diuron adsorption but decreases glyphosate
adsorption in soil. The low bioavailability of diuron
should lead to slower degradation rates, while the higher
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bioavailability of glyphosate should lead to it being
degraded faster. To test this hypothesis, the behaviour
of the two herbicides was compared in one clayey and
one sandy arable soil which were amended with biochar.
To estimate the effect of ageing, soil-biochar mixtures
were incubated at 20 °C for 3.5 months, then adsorption
and degradation of the two herbicides were measured. In
addition, their fate was studied in a unique, historically
charcoal-enriched soil that had been amended with
charred organic matter from charcoal kilns for 150 years
until the 1950s.

2 Materials and Methods

2.1 Soil Sampling and Processing

The soil samples were collected in September 2015
from arable fields at two locations: Länna (L) (59° 52′
N, 17° 58′ E) and Ulleråker (U) (59° 49′ N, 17° 39′ E).
Soil sampling at L was performed, according to the
scheme shown in Supplementary Fig. S1, in two parts
of the arable field: an untreated part (L) and a histori-
cally charcoal-enriched part (LB). Because of the long-
term charcoal amendment, the latter soil was
characterised by lower bulk density and higher loss on
ignition and water-holding capacity (WHC) than the
unamended soil from the same field, which leads to
higher yields in dry years (Tor Kihlberg et al. unpub-
lished). In each soil, about 10 samples were taken from
the upper layer (5–15 cm below surface) and pooled.
After sieving, the Ø < 2 mm fraction was homogenised
and stored at −20 °C in plastic bags until the start of the
experiment. Moisture content and WHC were measured
for all soil samples.Moisture content was determined by
drying at 110 °C for 10 h, while WHC was defined as
the moisture content after saturation of 30 g soil with
distilled water for 10 h followed by 4 h of free drainage.

Chemical and physical properties of the three soils stud-
ied (L, LB, U) were determined by a commercial labo-
ratory and are presented in Tables 1 and 2.

2.2 Preparation and Ageing of Soil-Biochar Mixtures

The biochar used was the commercial product Skogens
kol, which is produced from a mixture of about 80%
hardwood, mainly birchwood (Betula sp.) and 20%
wood from Norway spruce (Picea abies), by slow py-
rolysis with a maximum process temperature of 380–
430 °C (Cederlund et al. 2016). A sample of the biochar
was sent to Eurofins for determination of some physi-
cochemical properties and the results are presented in
Table 3.

Soil-biochar mixtures were prepared by mixing soil
(L and U) with sieved biochar (Ø < 2 mm) at a rate of 1,
10, 20 and 30% biochar per unit soil dry weight (desig-
nated L1, L10, L20 and L30 and U1, U10, U20 and
U30). WHC was determined as described above and pH
for all mixtures was measured in a 1:2 slurry of soil and
distilled water (w/v) after shaking and stabilisation for
10 h (Table 4).

Biochar ageing was performed with soil-biochar
mixtures made from U soil. These mixtures were incu-
bated in darkness at 20 °C for 3.5 months. The moisture
content was adjusted to 55% of WHC and monitored
and adjusted weekly by addition of deionised water.

2.3 Chemicals Used in Herbicide Adsorption
and Degradation Experiments

Glyphosate (N-(phosphonomethyl)-glycine, CAS
[1071-83-6], 98%) and diuron (3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU), CAS [330-54-1], 99.0%)
were provided by Dr. Ehrenstorfer GmbH, Augsburg,
Germany. Their chemical properties are presented in
Supplementary Table 1. 14C-labelled diuron ([ring-U-

Table 1 Chemical properties of the soils studied

Soil Code HCl extracted K
(mg 100 g−1)

HCl extracted P
(mg 100 g−1)

Al-Ka

(mg 100 g−1)
Al-Pa

(mg 100 g−1)
Total C
(%)

Total N
(%)

pH

Charcoal-amended soil from Länna LB 68.35 85.02 3.82 16.48 17.57 0.37 5.57

Untreated soil from Länna L 229.36 78.77 37.28 16.67 4.86 0.34 5.27

Soil from Ulleråker U 287.59 68.16 34.95 4.87 1.36 0.1 6.41

a Al–K/Al-P = ammonium lactate-extractable K and P—Swedish standard method for estimation of plant available K and P fractions
(Otabbong et al. 2009)
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14C], 96.4%, 5.71 MBq mg−1) and glyphosate ([P-
methylene-14C], 4.87 MBq mg−1) were provided by
the Institute of Isotopes Co. Ltd., Budapest, Hungary.

2.4 Measurement of Herbicide Adsorption in Soils
and Soil-Biochar Mixtures

Adsorption was determined in a batch-equilibrium sys-
tem according to OECD guideline 106 (OECD 2000). A
pre-study was performed to estimate the time when the
equilibrium between adsorbed herbicide and herbicide
in solution was reached (8, 24 and 32 h). In all cases,
equilibrium was reached within 24 h. For high-
percentage soil-biochar mixtures with U soil, an addi-
tional pre-study was performed to estimate an appropri-
ate soil to solution ratio as defined in the OECD
guideline.

Soil and soil-biochar mixtures, corresponding to 1 g
of soil or mixture dry weight, were weighed into tubes
(15-mL glass tubes for diuron and 50-mL polypropylene
tubes for glyphosate) and adjusted with 0.01MCaCl2 to
reach the appropriate soil-solution ratio. This was 1:40
for all samples with glyphosate and for U20, U30, U20a
and U30a with diuron and 1:4 for all other samples with
diuron. The samples were shaken for 24 h (20 °C,
200 revolutions min−1). After that, herbicides were
added to reach concentrations of 1, 5, 10, 50 and
100 μg g−1 dry weight (dw) soil for glyphosate and
0.1, 0.5, 1, 5 and 10 μg g−1 dw soil for diuron, due to
its lower water solubility. In addition, a fixed amount
(10 μL for glyphosate and 20 μL for diuron) of 14C-
labelled herbicide was added to each tube to reach an
activity of 2000 DPM (3.333 × 10−5 MBq) per sample.
There were two replicate tubes of each concentration.
After 24 h, the tubes were centrifuged (3000 revolu-
tions min−1 for 30 min), samples of supernatant were
transferred to scintillation vials (4 mL for diuron and

10 mL for glyphosate samples) and Quicksafe A
(Scintvaruhuset, LAB-service, Uppsala, Sweden)
was added directly before measurement of scintil-
lation. 14C activity was measured on a Beckman
LS 6000TA liquid scintillation counter (Beckman
Counter Inc., Fullerton, CA). Controls without her-
bicides were measured for all samples to exclude
the level of background radioactivity. The data
obtained were fitted using the linear form of the
Freundlich equation:

logqe ¼ logK f þ nlogCe

where qe (μg g−1) is the adsorbed amount, Ce

(μg mL−1) is the equilibrium concentration in the
aqueous phase, KF (μg1–1/n g−1 mL1/n) is the
Freundlich adsorption coefficient and n is the
Freundlich exponent.

2.5 Herbicide Degradation Experiment

The herbicides were dissolved in water (glyphosate) or
methanol (diuron) and added dropwise to a fraction
(10%) of the soils and soil-biochar mixtures. Water
and methanol were allowed to evaporate from the sam-
ples for 10 h. The herbicide-treated part was then mixed
with the rest of each sample to give an initial nominal
concentration of 10 mg kg−1 soil dry weight. Portions of
soil corresponding to 5 g of dry weight were weighed
into 50-mL plastic tubes and the water content was
adjusted to 60% of WHC and kept at this level for the
duration of the experiment. The tubes were sealed with
caps and were incubated at 20 °C in the dark. After 1, 2,
5, 8, 16, 23 (only for U samples) and 31 days of
incubation, two replicate tubes from each treatment
were placed in the freezer (−20 °C) for future extraction
and analysis.

Table 2 Physical properties of the soils studied

Soil
code

Clay
Ø < 0.002 mm

Fine silt
0.002–0.006 mm

Medium silt
0.006–0.02 mm

Coarse silt
0.02–0.06 mm

Fine sand
0.06–0.2 mm

Medium
sand
0.2–0.6 mm

Coarse
sand
0.6–2 mm

Loss on ignition
%

LB n.d. n.d. n.d. n.d. 5.9 3.3 4.1 39.4

L 66.5 14.8 9.1 6.5 2.1 0.7 0.3 13.7

U 7.5 3.2 2.4 3.2 12.1 63.8 7.8 3.3

n.d. not determined

216 Page 4 of 13 Water Air Soil Pollut (2017) 228: 216



Data from the degradation experiment after recovery
correction were used to estimate herbicide half-life.
Recovery was calculated as:

Recovery ¼ C0

Cnominal

� �
� 100

where C0 is the herbicide concentration determined at
day 0.

Natural logarithms of remaining concentrations for
days 0–31 were plotted against time, giving the first-
order rate constant k as the slope of the linear regression
line. Half-life (T½) was calculated as:

T 1=2 ¼ ln2

k

2.6 Analysis of Diuron

For diuron extraction from soil and soil-biochar mix-
tures, the following protocol was used: 10 mL methanol
were added using a Vogel pipette to the tubes with
sample. The tubes were shaken at 200 revolutions min−1

Table 4 Moisture content, water-holding capacity (WHC) and pH
of soil samples and soil-biochar mixtures

Soil/mixture codea WHC
(%)

pH

LB 57 5.77

L 53 5.27

L1 51 5.3

L10 51 5.55

L20 51 5.75

L30 51 6.07

U 27 6.41

U1 29 6.53

U10 35 6.88

U20 38 7.15

U30 42 7.4

U1ab Not measured 6.45

U10a 6.94

U20a 7.45

U30a 7.69

aMixtures named by soil from which they were made and biochar
percentage
b a denotes aged mixturesT
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for 60 min, centrifuged at 4000 revolutions min−1 for
10 min and the supernatant was filtered (OOH
Whatman; 11 cm). Portions (1 mL) of filtrate were
transferred to sample vials and HPLC analysis was
performed according to the protocol in Cederlund et al.
(2007). Standard solutions with concentration range
0.05–50 μg mL−1 were analysed with extracts from
samples. The HPLC was equipped with a G1314A UV
detector, a G1311A pump, a G1329A auto injector
(Agilent Technologies AB; 1100 Series; Sweden) and
a Zorbax SB-C18 column (12.5 × 4.6 mm, 5 mm;
ChromTech AB, Sundbyberg, Sweden).

2.7 Analysis of Glyphosate

Extraction of glyphosate, derivatisation and mea-
surement on GC-MS were performed using the
same reagents for analytical standards, glyphosate
extraction and internal standards as previously de-
scribed (Bergström, Börjesson, and Stenström,
2011). The instrument was a Hewlett-Packard
6890 GC (Agilent Technologies Sweden AB),
equipped with a 30 m by 0.25-mm diameter fused
silica capillary column with 0.25-μm film thick-
ness (HP-5 for GC-MS), a mass spectrometer
5973, a split/splitless injector and the software
Chemstat ion (Agilent Technologies, Kista,
Sweden).

3 Results

3.1 Effect of Biochar on Soil Water-Holding Capacity
and pH

The studied soils had different physical texture: the
dominant particle fractions in the L soil were clay and
fine silt, while the U soil was dominated by medium and
fine sand. The texture of the LB soil could not be fully
determined due to its high organic matter content, as
traces of organic C remained in the sample after diges-
tion (oxidation by H2O2). Coming from the same field
as L, it is likely that the LB soil was also dominated by
clay. However, the proportion of sand was higher
(Table 2). This agreeswithKihlberg et al. (unpublished),
who also reported a coarser particle size distribution in
LB compared with L soil, but also did not subdivide
particles with Ø < 0.06 mm. The WHC of the clayey L
soil (53%) was higher than in the sandy U soil, where it

was only 27%, and was not affected by biochar addition.
However, the LB soil, which was historically amended
by charcoal, had a higher WHC (57%) than the L soil
with or without fresh biochar amendment. In the sandy
soil, the WHC increased from 27 to 42% with biochar
addition and was correlated positively (r = 0.98) with
the biochar percentage (Fig. 1).

Biochar addition increased the pH from 5.27 to 6.07
in the L soil and from 6.41 to 7.69 in the U soil (Table 4;
Fig. 2). Ageing of the biochar led to a further pH
increase in most of the soil-biochar mixtures (U10a-
U30a). In the LB soil, the pH was higher (5.77) than
in the L soil. The pH of soil-biochar mixtures was
correlated with the percentage of biochar added in all
cases (r = 0.99 for L soil-biochar mixtures; r = 0.99 for

Fig. 1 Water-holding capacity (WHC) of the soil samples ±
standard deviations plotted against biochar percentage added

Fig. 2 pH of the soil samples (N = 2) ± standard deviations plotted
against biochar percentage added
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fresh U soil-biochar mixtures; r = 0.98 for aged U soil-
biochar mixtures).

3.2 Adsorption of Diuron

Biochar amendment increased diuron adsorption in both
the L and U soils (Fig. 3). In the LB soil, KF was
364 μg1–1/n(mL) 1/n g−1, which is quite close to the KF

value of the L20 soil-biochar mixture. KF values in the
aged soil-biochar mixtures were lower than in mixtures
with fresh biochar addition. There were positive corre-
lations between the diuron KF values and biochar per-
centage for L, U and aged U soils (r = 0.96, r = 0.95, and
r = 0.95, respectively).

3.3 Adsorption of Glyphosate

Glyphosate was more strongly adsorbed in the L soil
(KF = 1218 μg1–1/n mL1/n g−1) than in the U soil
(KF = 146 μg1–1/n mL1/n g−1). No consistent effect of
biochar amendment on glyphosate adsorption in L soil
was observed (Fig. 4). A very high KF value was ob-
served for the sample with 1% biochar addition
(KF = 1892 μg1–1/n mL1/n g−1), while the KF values for
the unamended L soil and the other soil-biochar mix-
tures varied between 1099 and 1294 μg1–1/n mL1/n g−1.
The LB soil had a much lower KF value (539 μg1–1/
n mL1/n g−1) than the L soil and soil-biochar mixtures.
However, in the U soil, glyphosate adsorption was cor-
related negatively (r = −0.99) with the biochar percent-
age (Fig. 4). Ageing of the biochar decreased adsorption
further.

3.4 Degradation of Diuron

In the L and U soils and soil-biochar mixtures, from 20
to 50% of the added diuron was degraded during the
experimental period. Diuron half-life varied between 40
to 56 days in the L soil, was 36 days in the LB soil and
varied between 26 to 112 days in the U soil (Fig. 5). No
correlation was seen between the biochar percentage
and diuron half-life in any of the soils. However, in the
U soil, the half-life was shorter in all samples with
biochar addition compared with the unamended soil.
Here, it should be noted that the half-life of 112 days
found for the U soil without biochar may be a less
accurate estimation, since the dynamics of diuron deg-
radation did not fit well with a first-order kinetic model
in this sample. The degradation kinetics of all other
samples followed first-order kinetics reasonably well,
with R2 values of 0.7–0.96. Ageing of the biochar
consistently decreased diuron half-life in the U soil.

Fig. 4 Freundlich KF values for glyphosate plotted against bio-
char percentage added in samples from Länna (L) and Ulleråker
(U)

Fig. 3 Freundlich KF values for diuron plotted against biochar
percentage added in samples from Länna (L) and Ulleråker (U)

Fig. 5 Diuron half-life in the Länna (L) and Ulleråker (U) soils
and soil-biochar mixtures
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3.5 Degradation of Glyphosate

In the L and U soils and soil-biochar mixtures, 10–70%
of the added glyphosate was degraded during the exper-
imental period. Glyphosate half-life in the L soil varied
between 51 and 187 days. However, in the L, L1, L10
and L20 samples, the data fitted poorly to the first-order
kinetic model (R2 = 0.33–0.61), mostly due to great
variation in glyphosate concentrations during the first
week of degradation. This fact can explain the some-
what inconsistent pattern of half-life variation for the
soil-biochar mixes. However, degradation in the LB and
L30 samples followed first-order kinetics well
(R2 = 0.97 and 0.94). The shortest glyphosate half-life
(19 days) was observed in the LB soil.

Degradation of glyphosate was relatively slow in the
unamended U soil, but was faster in all samples with
biochar amendment. In the unamended U soil, the half-
life of glyphosate was 182 days, while in the U soil-
biochar mixtures, it varied between 49 and 83 days.
However, as in the case of diuron, data from the un-
amended U soil were a poor fit to the first-order model
(R2 = 0.48) and the degradation rate in the biochar-
amended samples did not appear to be related to the
biochar percentage added. The fastest degradation was
observed in the U1a and U20a soil-biochar mixtures, but
ageing of the biochar did not consistently affect degra-
dation rates (Fig. 6).

No correlations between glyphosate half-life and
amount of added biochar were found for any of the L
and U soils (Fig. 6). However, the half-life was corre-
lated with the KF value for glyphosate (r = 0.88) in
samples of the L soil when the LB sample was included
(Fig. 7). In the U soil and soil-biochar mixtures, the
adsorption coefficient of glyphosate was generally

lower and its half-life was not correlated with the KF

value (Fig. 7).

4 Discussion

4.1 Biochar Influence on Soil Properties

Biochar is well-known for its ability to increase water
retention in soils (Basso et al. 2013; Yu et al. 2013).
According to a recent meta-analysis, biochar amend-
ment increases the available WHC by 15% on average,
but a significant effect is only seen in coarse textured-
soils (Omondi et al. 2016). This is supported by our
observation that biochar addition only increased WHC
in the sandy U soil and not in the clayey L soil. Water
uptake by biochar is mainly regulated by its porosity and
hydrophobicity (Gray et al. 2014). Thus, considering the
low wettability but high porosity of the biochar that we
studied (Cederlund et al. 2016), it is likely that the
increase in WHC in the sandy soil was mediated by an
increase in overall soil porosity. We did not determine
the WHC after the short-term ageing experiment.
However, the higher WHC in the LB soil in comparison
with L soil may indicate that the long-term ageing of the
charcoal in that soil had increased its water retention
capacity. Oxidation of biochar during prolonged envi-
ronmental exposure can introduce oxygen-containing
groups on its surface (Sorrenti et al. 2016) and these
would increase water uptake by the biochar (Suliman
et al. 2017).

Biochar mediated a pH increase in both soils that was
proportional to the percentage of added biochar.
Similarly, a meta-analysis by Biederman and Harpole
(2013) found that biochar generally increases soil pH,

Fig. 7 Correlation between glyphosate half-life and adsorption
coefficient (KF). The open circle is for the LB soil

Fig. 6 Glyphosate half-life in the Länna (L) and Ulleråker (U)
soils and soil-biochar mixtures
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especially in acidic soils. The increase in pH during the
process of ageing can be explained by release of basic
salts from the biochar (Joseph et al. 2010).

4.2 Effects of Biochar on Herbicide Adsorption

Diuron adsorption increased after biochar amendment in
both the L and U soils. This effect of biochar addition has
been observed in previous studies for silty loam (Yang
et al. 2006) and sandy soil (Yu et al. 2006). Biochar
contains many adsorption sites that can bind non-polar
herbicides, so diuron adsorption increased with amount
of biochar added, and the risk of it leaching is lower
(Kookana 2010). The increased pH obtained with bio-
char addition is not likely to have contributed to the
increased sorption since diuron is uncharged at relevant
soil pH-levels. In a previous study, we also found that pH
has no effect on diuron adsorption when studying this
particular biochar without soil (Cederlund et al. 2016).

Biochar addition decreased glyphosate adsorption in
the sandy U soil, but not in the clayey L soil. The
difference in effects of biochar on glyphosate adsorption
between the L and U soils may be explained by the
different soil texture and physical properties of these
soils. The decreased glyphosate adsorption in the U soil
is likely to be related to the induced pH changes.
According to several studies, soil pH is negatively cor-
related with glyphosate adsorption (Gimsing et al.
2004b; Mamy and Barriuso 2005; Vereecken 2005).
Increased soil pH can increase the negative charge of
both soil surfaces and glyphosate itself, which leads to
enhanced repulsion. Glyphosate has a pH-dependent
OH− group with a pKa value of 5.7, so its charge is
likely to have been affected in the pH range studied here.
The same relationship with pH has been observed for
glyphosate adsorption on pure biochar: Herath et al.
(2016) studied the effect of pH on adsorption of glyph-
osate on a rice husk biochar and found that the adsorp-
tion percentage varied from 75 to 85% at pH 3–5,
decreased to 75–65% at pH 6–8 and then significantly
dropped to 55% at pH 9. However, in a previous study,
we showed that glyphosate adsorption by the studied
biochar was low at both low and high pH (Cederlund
et al. 2016).

In the L soil, there was no linear relationship between
glyphosate adsorption coefficient and biochar amend-
ment. The overall strong adsorption in this soil possibly
contributed to masking the relatively minor effects of
the biochar. It is known that inorganic components of

soil, such as Al- and Fe-oxides, adsorb glyphosate ef-
fectively (Gimsing et al. 2004a) and that this herbicide is
less available in soils with a high clay content. The
induced pH changes in this soil also occurred over a
different pH interval, which may have contributed to the
less clear outcome.

4.3 Effects of Biochar Ageing on Adsorption

Short-term ageing of the biochar mixtures in the labora-
tory decreased adsorption of both herbicides. This sug-
gests that processes that have the potential to reduce
sorption, such as organo-mineral interactions with the
biochar surface (Pignatello et al. 2006; Singh and
Kookana 2009; Lin et al. 2012), were the dominant
forces affecting the biochar during our ageing experi-
ment. For diuron, our results are consistent with findings
in a field study on biochar amendment of Australian
ferrosols, in which diuron and atrazine adsorption to
soils amended by poultry litter and paper mill biochar
was significantly reduced after 32 months of ageing
(Martin et al. 2012). For glyphosate, it is possible that
the further increase in pH during the 3 months of ageing
contributed to the additional decrease observed in sorp-
tion. Although we cannot know the original properties
of the charcoal applied to the historically charcoal-
enriched LB soil, it may be informative to compare the
adsorption results from this soil. In LB, the KF value for
diuron was comparable to that determined in the 20%
soil-biochar mixture (L20) and, considering that the
total carbon content of the LB soil is about 18%
(Table 1), this suggests limited effects of ageing.
However, for glyphosate, the KF value of the LB soil
was only 539 μg1–1/nmL1/n g−1, which is only about half
the KF value found for any of the fresh biochar mixtures
or the unamended L soil (Table 5). Since the adsorption
of glyphosate on the biochar itself is very weak, this low
adsorption is difficult to explain in terms of reduced
adsorptive affinity of the charcoal. It is more likely to
reflect a reduced affinity for glyphosate of the soil itself.
Kihlberg et al. (unpublished) suggest that the heat from
the charcoal kilns in LB may have contributed to
sintering the clay particles in the soil, causing a shift
towards a coarser particle size distribution. Heating clay
soils to 500 °C has been shown to change soil physical
texture and increase the amount of silt and sand particles
(Badía and Martí 2003). Such a reduction in the propor-
tion of clay would consequently reduce the amount of
surfaces available for glyphosate adsorption. Heating
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may also cause other mineralogical changes in soil that
affect adsorption, for instance de Santana et al. (2006)
reported reduced interaction between glyphosate and
Al2O3 and Fe2O3 in soil after burning.

Our results for glyphosate differ somewhat from those
of Kumari et al. (2016), who found that glyphosate sorp-
tion was increased in a silty loam soil amended with the
samewood-based biochar that we used (Skogens kol) after
7–10 months of ageing under field conditions. The appli-
cation rates used in their study varied from 10 to
100 Mg biochar ha−1 added to the topsoil layer (0–
10 cm), which corresponds to about 0.8–8% of biochar
per gramme dry weight assuming a bulk density of the
soil of 1.3 g cm−3. Increases in glyphosate sorption oc-
curred in plots amended with 10, 20 and 40 Mg ha−1 of
biochar (i.e. corresponding to 0.8, 1.6 and 3.2% w/w),
while the plot amended with 100 Mg ha−1, where the
glyphosate adsorption was the same as in the unamended
plots, was considered to be an outlier (Kumari et al. 2016).
In the present study, the clayey L soil with the lowest
application rate was the outlier: the adsorption coefficient
in the L1 soil-biochar mixture was much higher than in L
soil without amendment, while the adsorption coefficient

in the L10, L20 and L30 soil-biochar mixtures was the
same or lower than in the unamended clayey L soil.
However, we cannot offer an explanation for this pattern.
In the sandy U soil, the adsorption of glyphosate was
reduced after the ageing process, which can be explained
by a further pH increase and low affinity to sorb glypho-
sate in both sandy soil and biochar itself.

4.4 Herbicide Degradation before and after Biochar
Amendment

Microbial degradation of chemicals in soil has often
been reported to be limited by strong sorption
(Bergström et al. 2011; Gimsing et al. 2004a; Wu et al.
2011). Moreover, pesticide degradation is often
inhibited after fresh biochar addition (Kookana 2010),
which can be explained by a decrease in their bioavail-
ability. In the present case, it seems that despite the fact
that adsorption of diuron increased in both soils and that
adsorption of glyphosate decreased in the sandy soil,
biochar amendment had no clear effect on either diuron
or glyphosate degradation. However, even though nei-
ther the KF value nor the half-life of glyphosate was

Table 5 Freundlich parameters (KF, 1/n and R2 value) for adsorption and half-life of diuron and glyphosate

Sampling site Adsorption Degradation

Diuron Glyphosate Diuron Glyphosate

KF
a 1/n R2 KF

a 1/n R2 T½b R2 T½b R2

Länna LB 364 0.859 0.99 539 0.890 0.99 36 0.965 17 0.97

L 15.21 0.863 0.99 1218 0.842 0.99 40 0.963 87 0.606

L1 17.10 0.807 0.99 1892 0.872 0.99 47 0.708 187 0.333

L10 164 0.859 0.99 1294 0.806 0.99 42 0.853 151 0.385

L20 335 0.822 0.99 1102 0.796 0.99 56 0.918 131 0.402

L30 863 0.978 0.96 1099 0.780 0.98 45 0.86 51 0.945

Ulleråker U 5.73 0.798 0.99 145.5 0.783 0.99 112 0.663 182 0.482

U1 8.60 0.586 0.95 140.9 0.765 0.99 58 0.718 83 0.767

U10 135 0.789 0.99 114.8 0.754 0.99 33 0.866 66 0.674

U20 127 0.727 0.85 91.6 0.780 0.99 35 0.868 78 0.621

U30 281 0.753 0.97 65.2 0.750 0.99 40 0.888 53 0.861

U1a 6.44 0.760 0.99 127.9 0.761 0.99 37 0.71 51 0.716

U10a 27.4 0.824 0.99 88.3 0.776 0.99 27 0.785 81 0.683

U20a 64 0.547 0.94 70.0 0.788 0.99 29 0.849 49 0.917

U30a 157 0.686 0.97 37.4 0.751 0.99 35 0.871 68 0.885

a The unit of KF is μg
1–1/n mL1/n g−1

b The unit of T½ is days
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clearly correlated with the added biochar percentage in
the clayey L soil, the half-life was correlated with theKF

value (Fig. 7). This indicates that in the case of glyph-
osate in the clayey L soil, which had KF values
>1000 μg1–1/n mL1/n g−1, availability of glyphosate
may have been a rate-limiting factor for its degradation,
while in the other cases adsorption was too weak to have
an effect.

4.5 Conclusions

As hypothesised, fresh biochar addition increased diuron
adsorption in both clayey (L) and sandy (U) soils.
However, glyphosate adsorption decreased only in the
sandy U soil. These effects are most likely due to adsorp-
tion of diuron on the biochar itself, while in the case of
glyphosate the decreased sorption may be explained by
an increase in soil pH after biochar addition. No consis-
tent effect of biochar amendment on herbicide degrada-
tion was observed in the studied soils, which contradicts
our initial hypothesis. However, there was a positive
relationship between adsorption and glyphosate half-life
in the clayey soil-biochar mixtures, indicating that avail-
ability may be the rate-limiting step, but only where
adsorption is strong. The consequences of biochar ageing
under laboratory conditions were further increases in soil
pH and a reduction in adsorption of both herbicides.
Changes in biochar adsorptive properties during ageing
in soil should be taken into consideration when planning
its use in agriculture and for soil remediation purposes.
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