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Abstract Carbon-rich biomass products from thermal
pyrolysis have been considered as an appropriate alter-
native for the remediation of contaminated lands.
However, the impacts of the physico-chemical proper-
ties of biochar on adsorption, desorption, and leaching
processes are not fully understood. In this study, adsorp-
tion, desorption, and leaching of fomesafen in a soil
amended with six biochars were investigated. The
highest fomesafen adsorption coefficient (kf

ads = 20.67)
was observed when 2% of hardwood biochar (B4) was
added onto the soil due to its highest specific surface
area (SSA) (331.70 m2/g) and lowest dissolved organic
carbon (DOC) content (0.43%) relative to the other
tested biochars. By contrast, the lowest adsorption co-
efficient (kf

ads = 16.64) was observed in the soil
amended with 2% rice straw biochar (B1) with the
lowest SSA (63.10 m2/g) and highest DOC content
(3.67%). Nevertheless, during desorption process, the
lowest coefficients were observed in the soil amended
with softwood (B2) and walnut (B5) biochars, which

possessed higher SSA and lower pH than B1, most
likely due to their lower micro-pore volume/total pore
volume ratios (MPV/TPV). Moreover, fomesafen ad-
sorption in the soils amended with B2 and B5 was
highly reversible. The outcomes of the leaching exper-
iment also showed that fomesafen leaching from the soil
column followed the same trend as desorption. These
results suggested that although the adsorption capacity
of biochar is most likely controlled by SSA and DOC,
desorption and leaching processes are mainly affected
by MPV/TPV.
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1 Introduction

Pesticides as the most popular applied chemicals are still
considered as a key tool for higher crop yields, espe-
cially in less-developed countries (Jin et al. 2014).
Therefore, environmental contamination caused by pes-
ticides overuse has been raising concerns about long-
term side effects of pesticides on non-target living or-
ganisms in soil and groundwater resources (Arivalagan
et al. 2014; Liu et al. 2016). Adsorption-desorption of
pesticides in soil environment is probably the most
important process affecting their mobility, bioavailabil-
ity, and degradation because the soil is usually the first
medium to receive the sprayed pesticides (Ahmadi et al.
2016). Furthermore, adsorption-desorption behaviors
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could be more important for specific groups of pesticides
like herbicides, because the adsorption rate of herbicides
directly determine negative effects of the adsorbed her-
bicide on succession crops (Liu et al. 2016).

Fomesafen (5-[2-chloro-4-(trifluoromethyl)
phenoxy]-N-[methylsul-fonyl]-2-nitrobenzamide) is
one of the widely used diphenyl ether herbicides after
its introduction. It is believed that fomesafen is among
the most effective herbicide against broad-leaf weeds,
especially in soybean fields in China (Guo et al. 2003).
Although one of the advantages of this herbicide is
acceptable herbicidal activity at low concentrations,
overuse of fomesafen is increasing the risk of water
pollution, especially when it takes into account that
fomesafen is categorized as a pesticide with high leach-
ability and medium runoff potential (Khorram et al.
2015). Moreover, since fomesafen is considered as a
relatively persistent herbicide for its long soil half-life
(60–240 days) (Guo et al. 2003), its successive applica-
tion possibly raises the risk of irreversible injuries to
non-target living organisms.

Biochar is a carbon-rich by-product obtained
from the heated biomass in the absence of oxygen
or in an environment with limited oxygen in a
process known as Bpyrolysis.^ In recent years,
increasing attention has been paid to biochar due
to its multi-functional capabilities, such as carbon
sequestration, soil fertilization, and microbial
growth stimulation (Khorram et al. 2017; Sohi
2012). Moreover, biochar performs well as a soil
amendment due to its high-cation exchange capac-
ity, SSA, negative surface charge, and surface
charge density (Pignatello et al. 2006), which en-
hance the adsorption of organic contaminants
(Khorram et al. 2016; Martin et al. 2012; Li
et al. 2013), decrease contaminants bioavailability
(Khorram et al. 2017), and improve soil quality
(Awad et al. 2012).

Physical and chemical properties of biochar, which
affect their adsorption capacities, are mainly influenced
by two factors: (1) feedstock composition and (2) pyro-
lytic temperature (Zimmerman et al. 2011). When sub-
jected to high-pyrolysis temperatures (500–700 °C),
wheat biochars are well carbonized and have relatively
high-surface areas and low-oxygen contents (Pignatello
et al. 2006). Brewer et al. (2011) reported that biochars
from switchgrass and corn stover have lower aromatic
carbon and higher ash contents than biochars produced
from woody materials. Exposing biochars to steam and

CO2 at temperatures higher than 700 °C also increases
SSA and porosity of the biochar, which improves the
adsorption capacity of biochars (Sun and Lu 2014).
There are extensive reports in which higher adsorption
capacity of biochars has been attributed to higher SSA,
carbon content, and greater binding capacity (Cabrera
et al. 2011; Khorram et al. 2015, 2016). However, the
effects of TPV and MPV on desorption behavior and
adsorption reversibility have received limited atten-
tion (Dechene et al. 2014), despite the fact that
environmental fates and impacts of contaminants
are strongly influenced by their desorption behav-
ior as well (Kuppusamy et al. 2016). Therefore,
the objective of this study was to determine the
effects of biochar physico-chemical properties on
adsorption, desorption, and leaching behaviors of
fomesafen. In addition, we evaluated the efficacy
of tested biochars for reducing the potential envi-
ronmental pollution associated with pesticide use
through increasing pesticides sorption and reducing
their mobility.

2 Material and Methods

2.1 Chemicals

Analytical-grade fomesafen (99.5%) and HPLC
gradient-grade methanol were purchased from Dr.
Ehrenstorfer; GmbH and all other chemicals and sol-
vents were analytical grade. Deionized water was pre-
pared using a lab water purification system.

2.2 Soil and Biochars

The soil samples used in this study were collected at a
depth of 0–15 cm from Xixi campus (S) at Zhejiang
University in Hangzhou, China. Air-dried soil passed
through a 2-mm sieve and was stored at room temper-
ature prior to use. The physico-chemical properties of
the collected soil, measured by previously described
method (Liu 1996), were as follows: sand (15.25%), silt
(73.21%), clay (11.55%), pH (7.10), organic carbon
(OC) (2.11%), water holding capacity (WHC) (31%),
and cation exchange capacity (CEC) (12.42 cmol kg−1).

Rice straw (B1), softwood (B2), hardwood (B4), and
nut shell (B5) biochars were obtained from the
Environmental Science and Engineering Department at
Zhejiang University, Hangzhou, China. Coconut shell
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(B3) and bamboo (B6) biochars were provided by Prof.
Hailong Wang, Zhejiang Agriculture and Forestry
University, Hangzhou, China. Table 1 summarizes the
feedstocks, production processes, and physico-chemical
properties of studied biochars. Themoisture content was
determined by drying an aliquot of the material at
105 °C for 48 h. pH was measured in 10 mmol L−1

CaCl2 solution (solid/solution = 1:2.5 (w/v)) using a
glass electrode of a corning pH 10 portable pH meter
(Acton, MA). The pH meter was calibrated with stan-
dard pH 4 and pH 7 buffers. Dissolved organic carbon
(DOC) was determined using the method explained by
Venegas et al. (2015). Briefly, carbonate content of
biochar was removed with 2 mol L−1 HCl; 50 mL of a
0.01 mol L−1 CaCl2 solution was added to 2 g of tested
biochars, and the resulting suspensions were shaken
vigorously for 10 min. Then, the supernatants were
filtered, acidified to pH 2, and finally, DOC content
was measured with TOC analyzer Shimatzu TOC-
50000. The particle size distribution, SSA, TPV, and
MPV were all characterized according to Yu et al.
(2006). Before use, biochars were soaked with deion-
ized water (biochar/water = 1:50 (g ml−1)), and the
mixture was stirred at 250 rpm for approximately
10 min at room temperature. Then, the washed biochars
were recovered by a centrifuge and dried at 105 °C for
24 h (Khorram et al. 2015). Soil was amended with
biochars by thoroughly mixing 1 kg of the original soil
with 5, 10, or 20 g of each biochar to obtain soil
amended with 0.5, 1, and 2% (w/w) biochar,
respectively.

2.3 Adsorption and Desorption Test

Adsorption experiments were performed according to
OECD guidelines (OECD 106 2000). Samples of
air-dried soil (5.0 g) amended with six biochars at
three levels (0.5, 1, and 2% of soil weight) were
placed in 50-mL polypropylene centrifuge tubes and
vortexed to ensure the homogeneity. Appropriate
amounts of a 1000-mg L−1 fomesafen stock solution
were added separately to a 1.1-g L−1 CaCl2 solution
to produce five different initial aqueous solution
concentrations. Then, 10 mL of the solutions con-
taining five initial concentrations of the herbicide
(0.5, 1, 2, 4, and 8 mg L−1) were added to each
tube. Samples were shaken horizontally at 25 ± 1 °C
and 150 rpm for 36 h before centrifuging at
6000 g rpm for 10 min (Beckman Coulter
Allegra® 25R centrifuge, USA) in order to separate
the sediment and aqueous phases. Previously, it was
determined that equilibrium was reached in < 36 h
with no measurable degradation during this period
(Khorram et al. 2015). The supernatant was filtered
through a 0.2-μm nylon syringe filter, and the con-
centration of fomesafen was analyzed by high-
performance liquid chromatography (HPLC) and
diode-array detector (DAD). The amount of
fomesafen adsorbed by the soil was calculated from
the difference between the initial and final fomesafen
concentrations in solution.

Herbicide desorption was performed immediate-
ly after the adsorption experiment using successive

Table 1 Physical and chemical properties of tested biochars

Parameter Unit B1 B2 B3 B4 B5 B6

pH – 9.72 8.86 7.31 8.53 9.16 6.95

Specific surface area (SSA) (m2 g−1) 63.10 97.23 191.00 331.70 132.41 268.72

Total carbon content (TOC) (%) 48.70 59.62 79.33 77.70 67.25 73.91

Ash (%) 29.61 19.52 18.30 13.74 21.22 11.84

Moisture content (%) 13.73 12.40 13.10 11.21 12.29 11.62

Dissolved organic carbon (DOC) (%) 3.67 3.54 2.29 0.43 2.58 1.31

Particle size distribution μm 600–2000 200–850 400–1000 200–500 250–950 300–1100

Total pore volume (TPV) (cm3 g−1) 0.065 0.097 0.194 0.291 0.178 0.152

Micropore volume (MPV) (cm3 g−1) 0.005 0.006 0.018 0.138 0.010 0.063

Micropore volume/total pore volume – 0.073 0.064 0.092 0.474 0.058 0.414

Pyrolysis temperature (°C) 500 (SP) 400 (SP) 550 (FP) 700 (FP) 400 (SP) 800 (FP)

B1 rice straw biochar, B2 softwood biochar, B3 coconut shell biochar, B4 hardwood biochar, B5 walnut shell biochar, B6 bamboo biochar,
SP slow pyrolysis, FP fast pyrolysis
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36-h equilibrations of soil with the same amount
of 1.1 g L−1 CaCl2 without fomesafen. The sus-
pension was collected after centrifugation to ana-
lyze the fomesafen concentration in the aqueous
phase, as described above.

2.4 Leaching Test

Leaching experiments (OECD 312 2004) were carried
out using 45 cm (length) × 8 cm (internal diameter) glass
columnswith a spongy layer at the bottom. The columns
were packed with 1300 g of air-dried soil to a height of
35 cm, over-saturated with 1.1 g L−1 CaCl2, and allowed
to drain freely for 24 h. Fomesafen was applied by
adding 10 mL of 650 mg L−1 fomesafen stock solution
to top of the columns to achieve an initial concentration
of 5 mg kg−1 in the soil body. Then, after 24 h, the
columns were thoroughly washed by continuously
pumping 1800 mL of 1.1 g L−1 CaCl2 at a rate of
25 mL h−1 using a peristaltic pump. Fractions of the
collected leachate were sampled at 3-h intervals, filtered
through a syringe filter, and immediately analyzed by
HPLC.

After fomesafen leaching, the columns were cut into
five segments (7 cm each) and the soil contained in each
segment was dried at room temperature. Soil samples of
5 g were taken from each segment, ultrasonically extract-
ed for 2 h (frequency 25–40Hz; Khorram et al. 2015) and
shaken in a rotatory shaker overnight in 50 mL of a
methanol/hydrochloric acid mixture 95:5 (v/v). Then,
the filtered solution from the mixture was extracted three
times using 50 mL CH2Cl2 and dehydrated by anhydrous
sodium sulfate. Subsequently, the collected filtrate was
concentrated on a rotary evaporator (37 °C), dried under a
gentle stream of nitrogen, and dissolved in 10 mL of
HPLC-grade methanol.

2.5 HPLC Analysis

The fomesafen concentration was determined using a
1200 series HPLC (Agilent Technologies, USA)
equipped with a diode array detector (DAD). A
Hewlett Packard stainless steel analytical column
(Eclipse XDB-C18, 15 cm × 4.6 mm × 5 μm) was used
for chromatographic separation, with a mobile phase of
acetonitrile and 0.1% phosphoric acid (65:35, v/v) at a
flow rate of 1 mL min−1. The extract (10 μL) was
injected into the HPLC system and recorded at 290 nm.

2.6 Data Analysis

Adsorption and desorption data were fit using the
Freundlich equation, Cs = Kf Ce

1/nf, where Cs

(mg kg−1) is the amount of fomesafen adsorbed; Ce

(mg L−1) is the equilibrium concentration in solution;
and Kf and 1/nf are empirical indicators for the adsorp-
tion capacity and the amount of linearity between
adsorbed pesticide and solution concentrations, respec-
tively. Since Kf data can be difficult to interpret in cases
of different 1/nf values, the value ofKd-4 was determined
asCs Ce

−1, where Ce is equal to 4 mg L−1, and was used
to compare the Kf values with Kd. Kd-4 was used in the
adsorption process because its concentration was close
to the conventional recommended field application dose
for spring soybean crops in China (375 g active ingre-
dient ha−1 assuming a soil bulk density of 1 g cm−1 and
an effective soil depth of 1 cm; Wu et al. 2014). The
hysteresis coefficient, calculated as H = (1/nfdes)/
(1/nfads) (Cabrera et al. 2011, 2014; Khorram et al.
2015), also provides information regarding the revers-
ibility of the adsorption process.

All of the data were presented as the means of tripli-
cate samples from three independently performed ex-
periments. Statistical significance was determined using
ANOVA and a t test, and a p value ≤ 0.05 was consid-
ered significant.

3 Results and Discussion

3.1 Validation of Fomesafen Extraction

The recoveries of fomesafen from the soil and water
phases ranged from 87.4–98.8% and 91.3–102.7%, re-
spectively, with a relative standard deviation (RSD) of
≤ 4.27%. Detection limit for fomesafen was
0.02 mg kg−1.

3.2 Effects of Biochars on Adsorption Capacity

Adsorption isotherms of fomesafen on soil with and
without biochars are shown in Fig. 1. The adsorption
isotherms for unamended and biochar-amended soil
were all nonlinear, L-shaped, and fit the Freundlich
equation (R2 > 0.95) (Fig. 1a, Table 2).

Considering the effects of biochar application rate on
adsorption capacity, fomesafen adsorption significantly
enhanced from 0.69 in unamended soil to 2.37–2.72,
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Fig. 1 Adsorption (a) and desorption (b) isotherms of fomesafen for the unamended and biochar-amended soils. The data points are
averages of triplicate samples, and the error bars represent the standard deviations
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7.52–9.23, and 16.64–20.67 in the soil amended with
biochars at 0.5, 1, and 2%, respectively (Table 2). In
addition, the enhanced adsorption was positively corre-
lated with the amount of biochar added (r > 0.97**,
p < 0.01) for the tested biochars. Similarly, Kd-4, which
was 0.52 in the control soil, increased progressively to
28.18–134.95 when the soil was amended with 2% of
the biochars (Table 2). Since Kd (distribution coeffi-
cient) is calculated by the content of fomesafen adsorbed
into the soil divided by the mass concentration of
fomesafen in aqueous phase, progressive increase of
this value clearly shows that the biochar amendment
increased the immobilization of fomesafen in soil profile
through the adherence of pesticide molecules into the
biochar particles.

Regarding the influences of the biochar properties on
the adsorption capacity of fomesafen, as shown in
Table 2, the highest fomesafen adsorption coefficient
(kf

ads) and distribution coefficient (Kd-4) were observed
when B4 with the highest SSA (331.7 m2 g−1) and
lowest DOC (0.43%) (Table 1) was added into the soil.

In this case, kf
ads and Kd-4 increased from 0.69 and 0.52

in the control to 20.67 and 134.95 in the soil amended
with B4 biochar at 2%, respectively. Furthermore, the
lowest adsorption index (1/nf = 0.60) occurred in this
treatment. By contrast, the addition of 2% rice straw
biochar (B1), which showed the lowest SSA
(63.1 m2 g−1) and highest DOC (3.67%) among the
tested biochars, resulted in the lowest fomesafen adsorp-
tion capacity (kf

ads = 16.64; Kd-4 = 28.18) and highest
adsorption index (1/nf = 0.74) among 2% amended
biochar treatments (Tables 1 and 2). These results sug-
gested that the order of adsorption for biochars de-
creased as follows: B4 > B6 > B3 > B5 > B2 > B1.
This decreasing order was the same as that observed for
SSA and DOC in biochars. In addition, this result im-
plies that the enhancement of fomesafen adsorption was
positively correlated with biochar SSA (Y = 166.43X–
1190.64; R2 = 0.96) and negatively correlated with
biochar DOC (Y = − 0.82X + 17.45; R2 = 0.97). SEM
images (Fig. 2) also presented that B4 with the highest
adsorption capacity was highly macroporous followed

Table 2 Freundlich parameters of fomesafen adsorption (Kf
ads) in the unamended and biochar-amended soils

Soil (S)/biochars (B1–B6) Kf
ads (mg1−1/nf L1/nf kg_1) 1/nf R2 Kd-4 (mg kg−1)

S 0.69 (0.68–0.71)a 0.78 ± 0.01b 0.99 0.52

S + 0.5% B1 2.37* (2.32–2.46) 0.78 ± 0.02 0.98 2.21

S + 1% B1 7.52* (7.25–7.86) 0.78 ± 0.05 0.99 7.84

S + 2% B1 16.64* (15.44–17.58) 0.74 ± 0.05 0.95 28.18

S + 0.5% B2 2.44* (2.33–2.75) 0.77 ± 0.02 0.99 2.46

S + 1% B2 7.76* (7.41–7.99) 0.75 ± 0.03 0.99 8.42

S + 2% B2 17.07* (16.12–18.25) 0.73 ± 0.04 0.95 36.49

S + 0.5% B3 2.45* (2.37–2.56) 0.78 ± 0.02 0.97 2.73

S + 1% B3 8.22* (8.88–9.64) 0.72 ± 0.04 0.99 9.88

S + 2% B3 19.03** (18.67–19.60) 0.67 ± 0.06 0.96 79.74

S + 0.5% B4 2.72* (2.65–2.93) 0.70 ± 0.02 0.99 3.53

S + 1% B4 9.23* (8.71–10.045) 0.63 ± 0.06 0.99 17.26

S + 2% B4 20.67** (19. 41–21.86) 0.60 ± 0.03 0.96 134.95

S + 0.5% B5 2.42* (2.30–3.04) 0.78 ± 0.01 0.98 2.55

S + 1% B5 8.13* (7.82–8.44) 0.71 ± 0.02 0.96 8.91

S + 2% B5 18.23* (17.30–19.25) 0.65 ± 0.04 0.96 45.15

S + 0.5% B6 2.49* (2.25–2.83) 0.75 ± 0.01 0.99 2.82

S + 1% B6 8.577* (8.05–8.91) 0.68 ± 0.03 0.99 10.35

S + 2% B6 19.49** (18.79–19.93) 0.63 ± 0.03 0.97 91.86

Significance at p < 0.05 and p < 0.01 levels represented by * and **, respectively
a Numbers in parenthesis are standard errors about the mean, n = 3
bNumbers are mean ± standard errors
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by B3 and B6. On the other hand, B5, B2, and B1
showed highly smooth appearance. Nevertheless, it is
noteworthy that the appearance and pore structure in
SEM probably do not show the overall SSA of biochars
since B5, B2, and B1with glossy surface showed totally
different SSA.

3.3 Effects of Biochars on Desorption Capacity

The desorption isotherms of fomesafen from unamend-
ed and biochar-amended soils were modeled using the
Freundlich equation in all cases (R2 > 0.93) (Fig. 1b,
Table 3).

Biochar amendment reduced fomesafen desorption
significantly (Fig. 1b), which was conversely correlated
with biochar amendment rate (r > 0.96*, p < 0.05).
Furthermore, the desorption index (1/nf) values progres-
sively decreased as the rate of added biochar increased
(Table 3).

Regarding the effects of biochar properties on
fomesafen desorption, the highest fomesafen desorption
coefficient (kf

des) was obtained when B4 was used as an
amendment (Table 4). It can be observed that kf

des in-
creased from 0.42 for unamended soil to 5.10, 12.13, and
30.73 when B4 was applied at rates of 0.5, 1, and 2%,
respectively. However, the lowest desorption coefficients
were obtained when soil was amended with B2 and B5
(Table 3) with higher SSA and lower DOC than B1
(Table 1). The desorption coefficients for the soil
amended with 2% B2 and B5 were 19.73 and 19.24,
respectively (Table 3). Furthermore, the hysteresis coef-
ficient (H = (1/nfdes)/(1/nfads)), which decreased from
unamended soils to the soils amended with 2% B1, B3,
B4, and B6, increased when B2 and B5 were used as soil
amendments. In these cases, the H value increased from
0.83 in the unamended soil to 0.86 and 0.92 in the soils
amended with 2%B2 and B5, respectively. The higherH
value in these cases was associated with increase in
fomesafen desorption, which were higher than expected
based on the adsorption capacity (Tatarkova et al. 2013).
According to SEM images (Fig. 2), the glossy appear-
ance of B5, B2, and B1 with no visible macropores most
likely resulted in easier detachment of fomesafen from
biochar surface. In addition, higher SSA of B5 and B2
than B1 provided more adsorption sites for weak binds of
fomesafen molecules during adsorption and consequent-
ly higher probability for the detachment of higher per-
centage of adsorbed fomesafen. These results showed
that the desorption coefficients of fomesafen in the tested

B1 

B2 

B3 

B4 

B5 

B6 

Fig. 2 Scanning electronmicrographs (SEMs) of biochars alongwith
their respectiveEDSspectra presenting elementalwt.%of the biochar ;
C: Carbon content ratio; O:Oxygen content ratio
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biochars followed the same trend as for MPV/TPV
(B4 > B6 > B3 > B1 > B2 > B5). Furthermore, a strong

positive correlation was observed between the desorption
enhancement of fomesafen with MPV/TPV
(Y = 0.041X–0.77; R2 = 0.83).

3.4 Effects of Biochar Amendment on Fomesafen
Leaching in Soil

Leaching experiments were also conducted with un-
amended and biochar amended soil to clarify the possi-
ble effects of biochar amendment on fomesafenmobility
in soil columns (Fig. 3). The leaching and fomesafen
adsorbed ratios onto the soil are summarized in Table 4.

Although approximately 84% of the applied
fomesafen was leached from the column containing
unamended biochar, biochar amendment significantly
decreased the amount of fomesafen leaching in all cases.
As shown in Fig. 3a, the addition of 0.5% biochar
decreased the total amount of leached fomesafen to
66.25–59.5% for the soils amended with different bio-
chars (Table 4). Nevertheless, the leaching trend of

Table 3 Freundlich desorption coefficients (Kf
des) and hysteresis coefficients (H = (1/nfdes)/(1/nfads)) for fomesafen in the unamended soil

and the soil amended with different biochars

Soil (S)/biochars (B1–B6) Kf
des (mg1−1/nf L1/nf kg−1) 1/nf R2 H index

S 0.42 (0.40–0.43)a 0.65 ± 0.03b 0.99 0.83

S + 0.5% B1 4.17* (4.04–4.44) 0.62 ± 0.03 0.99 0.80

S + 1% B1 9.94* (9.33–10.02) 0.58 ± 0.06 0.97 0.75

S + 2% B1 21.99* (20.62–23.88) 0.54 ± 0.09 0.96 0.73

S + 0.5% B2 3.86* (3.50–4.21) 0.65 ± 0.03 0.99 0.84

S + 1% B2 9.56* (9.44–9.87) 0.64 ± 0.02 0.99 0.85

S + 2% B2 19.73* (18.85–20.74) 0.63 ± 0.11 0.99 0.86

S + 0.5% B3 4.35* (4.20–4.72) 0.62 ± 0.02 0.97 0.79

S + 1% B3 10.23* (10.15–10.60) 0.53 ± 0.07 0.99 0.74

S + 2% B3 23.23** (22.83–24.49) 0.43 ± 0.05 0.98 0.64

S + 0.5% B4 5.10** (4.68–5.11) 0.54 ± 0.02 0.99 0.77

S + 1% B4 12.13** (12.31–13.49) 0.45 ± 0.05 0.99 0.70

S + 2% B4 30.73** (29.06–32.14) 0.41 ± 0.06 0.98 0.69

S + 0.5% B5 3.77* (3.52–3.91) 0.65 ± 0.05 0.96 0.83

S + 1% B5 8.97* (8.77–9.14) 0.61 ± 0.02 0.98 0.87

S + 2% B5 19.24* (19.07–22.34) 0.59 ± 0.09 0.99 0.92

S + 0.5% B6 4.62** (4.22–5.10) 0.58 ± 0.03 0.99 0.78

S + 1% B6 10.63** (10.11–11.11) 0.51 ± 0.04 0.97 0.75

S + 2% B6 25.70** (24.88–26.49) 0.43 ± 0.07 0.93 0.67

Significance at p < 0.05 and p < 0.01 levels represented by * and **, respectively
a Numbers in parenthesis are standard errors about the mean, n = 3
bNumbers are mean ± standard errors

Table 4 Fomesafen ratios (%) in leachate and soil column

Added biochar (%) 0% 0.5% 1% 2%

Total leached ratio (%). SA + B5 84.00 66.25 45.15 18.72

Total leached ratio (%). SA + B2 84.00 63.48 42.10 17.61

Total leached ratio (%). SA + B3 84.00 60.31 39.42 15.58

Total leached ratio (%). SA + B4 84.00 55.79 34.51 12.39

Total leached ratio (%). SA + B1 84.00 61.54 40.58 16.40

Total leached ratio (%). SA + B6 84.00 59.46 38.63 15.07

Total retained ratio (%).SA + B5 13.60 30.68 53.46 79.45

Total retained ratio (%).SA + B2 13.60 33.03 56.18 80.43

Total retained ratio (%).SA + B3 13.60 36.60 58.81 82.19

Total retained ratio (%).SA + B4 13.60 41.11 63.50 85.28

Total retained ratio (%).SA + B1 13.60 33.27 58. 08 81.36

Total retained ratio (%).SA + B6 13.60 37.38 59.50 82.62
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Fig. 3 Breakthrough curves (BTCs) of fomesafen leaching (a) and distribution of fomesafen in soil (b) for the unamended and biochar-
amended soil columns. The data points are averages of triplicate samples, and the error bars represent the standard deviations
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fomesafen from the soil amended with 0.5% biochar
followed a similar trend to that of unamended soil
column. By contrast, increasing the amount of biochar
introduced into the column resulted in significantly low-
er fomesafen leaching from the columns (Fig. 3) be-
cause the retention volumes (the water volume required
to elute a substance from the soil column) were 645–870
and 495–685 mL in the columns containing 1 and 2%
biochar amended soils, respectively. In addition, the
maximum leaching rates of 15.6% in the unamended
soil decreased remarkably to 7.5%–9.2% and 2.6%–
4.8%, with total leaching rates of 34.5%–45.15% and
12.4%–18.7%, in the soils amended with 1% and 2%
biochar, respectively. Total amount of fomesafen
retained in the columns significantly increased from
13.6% in unamended soil to 79.45–85.32% in the col-
umn filled with the 2% biochar amended soils (Table 4),
and more than 60% of the herbicide was retained in top
14 cm of the columns (Fig. 3b), when 1 and 2% biochar
were added to the soil.

The lowest fomesafen leaching ratio among the col-
umns was observed when the soil was amended with B4
(Table 4). In this case, fomesafen leaching ratio of 84%
in unamended soil decreased to 55.82, 34.51, and
12.43% when the soil was amended with 0.5, 1, and
2% B4, respectively (Table 4). Consequently, the
highest amount of fomesafen immobilization occurred
under this treatment as well. However, when B2 and B5
were added to the soil columns, the highest total leached
ratio (18.72–66.25% and 17.64–63.5%) and lowest
retained fomesafen ratio (30.73–79.45% and 33.52–
80.45%) were obtained (Table 4). These results indicat-
ed fomesafen leaching from the soil columns in the
presence of different biochars followed the same trend
as desorption: B5 > B2 >B1 >B3 > B6 > B4. Therefore,
as it appears, fomesafen leaching is most likely influ-
enced by desorption behavior rather than adsorption.

4 Discussion

4.1 Effects of Biochars on Adsorption Capacity

Higher pesticide adsorption by biochar amendment has
been previously reported by several authors and has
been attributed to high SSA and greater microporous
structures of biochars (Li et al. 2013; Si et al. 2011;
Tatarkova et al. 2013). Si et al. (2011) indicated that
increasing the adsorption coefficient of the isoproturon

herbicide from 0.9–1.8 to 11.2–17.1 after the introduc-
tion of 10, 30, and 50 g kg−1 of charcoal onto three soils
is due to high-carbon content and SSA of the tested
charcoal compared with the soil organic matter.
Similarly, the adsorption of MCPA (4-chloro-2-
methylphenoxy acetic acid) was three times higher in
an agricultural soil amended with 1% wheat straw bio-
char than in an unamended soil due to microporous
structure and high SSA of the added biochar
(Tatarkova et al. 2013).

The importance of biochar physical and chemical
properties and their effects on pesticide adsorption has
been addressed in previous studies (Cabrera et al. 2011,
2014; Srinivasan and Sarmah 2015). Similar to our
results, Srinivasan and Sarmah (2015) showed that the
addition of biochars with greater macroporous structures
increased the adsorption capacity of biochar amended
more since micro- and macropores are the main sites for
binding and entrapment of contaminants molecules. Yu
et al. (2006) studied the effects of two woodchip bio-
chars produced at different temperatures on the
adsorption-desorption behavior of diuron and demon-
strated that higher herbicide adsorption occurred when
the tested soil was amended with biochar produced at
850 °C due to its higher surface area (566 m2 g−1) and
greater micropore volume. The lower adsorption capac-
ities of the biochars produced at 450 °C in that study
were attributed to the presence of fewer micropores and
also lower SSA (27 m2 g−1). Cabrera et al. (2011)
reported that the adsorption of fluometuron on six tested
biochars was correlated with not only biochar SSA, but
also the DOC content of the biochars. In this study, the
highest adsorption of the herbicide was observed in the
soil amended with two wood pellet biochars possessing
the highest SSA (16.2 m2 g−1), while the lowest
fluometuron adsorption was seen in the soil amended
with biochar from macadamia nut shells with the lowest
SSA (3.29 m2 g−1) and highest DOC content
(352 mg L−1). Predominant roles of SSA and DOC in
pesticide adsorption have also been illustrated in studies
of bentazone and aminocyclopyrachlor adsorption in
soils amended with five biochars (Cabrera et al. 2014),
where the highest adsorption coefficient (kf

ads = 0.92
mg1−1/n L1/n kg−1 for bentazone and kf

ads = 2.54 mg1−1/
n L1/n kg−1 for aminocyclopyrachlor) was observed
when the soil was amended with wood chip pellets
biochar which had SSA of 17.8 m2 g−1 and a DOC
content of 14 mg L−1. In both studies, the lower adsorp-
tion of the tested pesticides in the biochar-amended soils
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was attributed to the competition between the DOC and
herbicide molecules for adsorption sites.

Although all tested biochars were produced from
different feedstocks using different techniques and py-
rolysis temperatures, the results confirmed that the ef-
fects of SSA and DOC on the adsorption capacity of
biochar for fomesafen were significantly greater than
other factors. In addition, tested biochars with higher
TPV were those that possessed higher SSA, except for
B6. This association may be a result of the effects of
pyrolysis temperature or feedstock composition (Yu
et al. 2006; Pignatello et al. 2006). However, additional
studies considering other types of biochars produced at
different pyrolysis temperatures should be conducted to
understand what the possible effects of these factors on
biochar TPVare.

4.2 Effects of Biochars on Desorption Capacity

It has been reported that biochar amendment decreases
the desorption capacities of contaminants probably due
to higher adsorption capacity of the biochar (Martin
et al. 2012).

Regarding the effects of biochar properties on
fomesafen desorption, a recent study by Eibisch et al.
(2015) showed that the presence of more micropores in
pyrochars than hydrochars facilitated isoproturon diffu-
sion and binding in micropores, resulting in irreversible
adsorption of a larger amount of isoproturon in the
pyrochar-amended soils. Micropore occlusion and, con-
sequently, less reversible immobilization of
pyrimethanil in biochars with greater micropores were
also reported by Yu et al. (2010). Similarly, Tian et al.
(2010) showed that the pronounced adsorption-
desorption hysteresis of isoproturon in charcoal-
amended soils originates from the strong physical ad-
sorption of isoproturon within the microporous network
of technical charcoal. Physical adsorption mechanisms
in small micropores mainly involve pore filling because
the pore wall potentials overlap and result in stronger
binding of the adsorbate due to the fact that adsorption
selectivity or molecular sieve ability is relatively high in
micropores and decreases with increasing pore size
(Mamchenko et al. 1982). Nevertheless, Cabrera et al.
(2014), who used the same index as the hysteresis
coefficient (H = (1/nfdes)/(1/nfads)), indicated that lower
reversible adsorption of bentazone was attributed to the
competition between biochar DOC and herbicide

molecules for sorption sites, as previously reported for
diuron (Cox et al. 2004) and fluometuron (Cabrera et al.
2011).

To the best of our knowledge, this is the first study in
which the correlations between different biochar prop-
erties and desorption capacities have been investigated.
The reversible adsorption and higher desorption of
fomesafen in the soils amended by B2 and B5 than in
the soil amended with B1, despite the higher SSA and
lower DOC, were potentially influenced by lower MPV/
TPVof these two biochars. The only explanation could
be that although higher SSA and lower DOC of B2 and
B5 provide greater binding areas for fomesafen and
DOC molecules can occupy fewer adsorptive sites on
biochar particles during the adsorption process, greater
fraction of weakly attached fomesafen molecules on
outer biochar surface or macropore walls could be de-
tached or displaced by bioavailable DOC during the
desorption phase, most likely due to the lower MPV/
TPVof these biochars.

4.3 Effects of Biochar Amendment on Fomesafen
Leaching in Soil Column

In soil column study, 84% leaching of the applied
fomesafen from the column containing unamended bio-
char indicated that fomesafen is an herbicide with rela-
tively low adsorption and large leachability (Khorram
et al. 2015) which was in agreement with previous
reports, considering fomesafen as a moderately mobile
herbicide (Weber 1993). Biochar amendment reduced
the amount of fomesafen leaching as it was reported
earlier for other contaminants (Si et al. 2011; Khorram
et al. 2015; Delwiche et al. 2014; Yu et al. 2006;
Pignatello et al. 2006). For example, Si et al. (2011)
showed that significant decrease in isoproturon leaching
form three soils amended with charcoal resulted from
the larger adsorption capacity of charcoal for
isoproturon due to higher organic carbon content and
adsorption capacity relative to soil organic matter.
Higher adsorption capacity of tested biochars in the
present study with higher total carbon contents (48.7–
79.3%), SSAs (63.10–331.70 m2 g−1) and TPVs
(0.052–0.291 cm3 g−1) than rice hull biochar (total car-
bon contents, 44.85%; SSA, 10.66 m2 g−1; and TPV,
0.049 cm3 g−1) in our previous study (Khorram et al.
2015) also resulted in greater fomesafen immobilization
in the soil columns.
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Nevertheless, there are few studies in which the
effects of macro- and micropore volume on leaching
process have been investigated (Delwiche et al. 2014;
Yu et al. 2006; Sander and Pignatello 2007). For in-
stance, Delwiche et al. (2014) reported that lower atra-
zine leaching from the columns with homogenized soil
amended by biochar was mainly due to the presence of
more macropore structures, which played a significant
role in entrapping and accumulating more pesticide
molecules around the biochar particles. Additionally,
macropore deformation during adsorption-desorption
likely results in higher adsorption and lower pesticide
leaching in experiments with homogenized soils (Yu
et al. 2006; Sander and Pignatello 2007). However,
because the soils amended by B2 and B5 with higher
TPV than B1 retained less fomesafen, the main expla-
nation for higher fomesafen leaching from B2 and B5
may be the lower MPV/TPV ratio, which results in (1)
the availability of strong binding sites for lower ratio of
adsorbed fomesafen molecules and (2) easier detach-
ment of the more weakly attached fomesafen molecules
from non-deformed macropores. However, the mecha-
nisms underlying this phenomenon should be further
investigated.

5 Conclusion

The results of this study showed that the addition of
biochars as an agriculture soil amendment generally
increases the adsorption of fomesafen and, subsequent-
ly, decreases fomesafen desorption and leaching. In
addition, SSA, DOC, and MPV/TPV are the biochar
properties with the main influence on adsorption-
desorption behavior of pesticides. SSA and DOC are
most likely the key factors affecting the adsorption
process because soils amended with biochars possessing
higher SSA and lower DOC showed higher adsorptions.
However, during the desorption process, MPV/TPV
plays a vital role since using biochars with lower
MPV/TPVas an amendment showed significant adsorp-
tion reversibility. This reversibility is probably due to
the presence of less suitable sites for strong and irrevers-
ible binding of pesticide molecules and, consequently,
facilitate the detachment of adsorbed pesticide mole-
cules during desorption. Moreover, the addition of the
two biochars (B2 and B5) with the lowest MPV/TPV to
the soil resulted in higher fomesafen leaching from the
soil columns. Therefore, it is important to note that

although SSA and DOC are most likely appropriate
characteristics for predicting adsorption behavior of bio-
chars, desorption process is most likely controlled by a
different factor, which should be carefully considered.
This information is important because desorption direct-
ly affects the leaching, degradation, and bioavailability
of pesticides in soils.
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