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in a Chinese soil amended by rice hull biochar after 0, 30, 90 and 180 days were investigated.
Results showed that the addition of 0.5%–2% fresh biochar significantly increases the
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adsorption of fomesafen 4–26 times compare to unamended soil due to higher SSA of

Adsorption

biochar. Biochar amendment also decreases fomesafen concentration in soil pore water by

Aging process

5%–23% resulting lower risk of the herbicide for cultivated plants. However, the aging
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process decreased the adsorption capacity of biochar since the adsorption coefficient values

Fomesafen

which was 1.9–12.4 in 0.5%–2% fresh biochar amended soil, declined to 1.36–4.16, 1.13–2.78

Leaching

and 0.95–2.31 in 1, 3 and 6-month aged treatments, respectively. Consequently, higher
desorption, leaching and bioavailable fraction of fomesafen belonged to 6-month aged
treatment. Nevertheless, rice hull biochar was effective for sequestering fomesafen as the
adsorption capacity of biochar amended soil after 6 months of aging was still 2.5–5 times
higher compared to that of unamended soil.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Recently, soil amendment with carbon-rich residue of incomplete combustion of biomass (Biochars) has been considered as
an appropriate option for several purposes such as promoting
carbon sequestration (Pratt and Moran, 2011; Khorram et al.,
2016a), improving soil nutrient availability (Xu et al., 2012) and
decreasing the bioavailability of pesticides in contaminated
soils (Zhang et al., 2013). Up to now, it has been generally

accepted that fresh biochars act as appropriate sorbents for
irreversible adsorption of several groups of contaminants such
as pesticides due to their high specific area and micro-porous
structures (Khorram et al., 2015; Srinivasan and Sarmah, 2015),
which results in lower leaching of contaminants into the
ground water (Marin-Benito et al., 2013) and also lower risks
to plants and soil organisms (Hilber et al., 2009). For example,
in our previous studies, soil amended with 2% of rice hull
biochar was 20–45 times more effective than soil in sorbing
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fomesafen over the concentration range of 0.5–8 mg/L (Khorram
et al., 2015). In another study, Yang et al. (2010) reported that
1% cotton straw biochar amendment decreased the total
residues of chloropyrifos and fipronil in Chinese chives (Allum
tuberosum) by 81% and 52% compared to the control treatment,
respectively.
However, the properties of a biochar are usually altered
after its addition into the soil as a result of biogeochemical
interactions between soil and biochar particles (Kookana,
2010). Specific surface area (SSA) of biochars might be reduced
by the clogging of micro-pores on biochar surface by fine soil
particles with its aging in soil (Qian et al., 2015). So far, only
few studies about the effect of aging process on adsorption
capacity of biochar after its addition into the soil have been
reported (Lou et al., 2012; Zhang et al., 2016). Zhang et al. (2016)
presented that the decrease of biochar SSA because of aging
affects the potential adsorption capacity of biochar negatively.
Similarly, Lou et al. (2012) reported that aging caused significant lower adsorption of pentachlorophenol in a soil amended
with rice straw biochar.
The 5-[2-chloro-4-(trifluoromethyl) phenoxy]-N-[methylsulfonyl]-2-nitrobenzamide, known as fomesafen, is a widely-used
herbicide in China for post-emergent treatment of broadleaf
weeds, especially in soybean fields (Guo et al., 2003). Although
there has been growing interest of fomesafen application due
to its high herbicidal activity at low concentrations, wide use of
fomesafen increases the risk of ground water pollution because
of its leachability and medium runoff potential (Wu et al., 2014).
In addition, because fomesafen has been categorized as a
persistent herbicide with long soil half-life (60–240 days) (Guo
et al., 2003), its successive use possibly raises the risk of
carryover injuries to non-target living organisms. Therefore,
the main objective of the present study was to investigate the
effects of aging process on the adsorption–desorption, leaching
and bioavailability of fomesafen in rice hull biochar amended
soils. These results are most likely helpful for understanding
the potential contributions of biochar amendments to minimizing herbicide losses through leaching at application sites.

1.2. Soil and biochar
Soil (S), collected from upper 0–15 cm-depth layer at Xixi
Campus, Zhejiang University (Hangzhou, China), was stored
at the room temperature after it was air-dried and passed
through 2-mm sieve. The physicochemical properties of the
soil sample were measured by the methods described by Liu
(1996) (Table 1). Soil pH was measured in 10 mmol/L CaCl2
solution (soil/solution of 1:2.5, W/V) using a glass electrode
of a corning pH 10 portable pH meter (Corning Inc., Acton,
MA, USA). The pH meter was calibrated with standard pH 4
and pH 7 buffers. Exchangeable cations were extracted using
1 mol/L NH4Cl (1:10, W/V), and the extracts were analyzed
using a Jenway Flame Photometer. Organic matter (OM) content was determined by oxidation method (Ahmedna et al.,
1997). Rice hull biochar (B) produced under slow pyrolysis
at 600°C for a retention time of 3 hr was purchased from
Liaoning Biochar Engineering & Technology Research Center,
Shenyang, Liaoning, China (Table 2). Prior the application, the
biochar sample was soaked with deionized water in a closed
beaker (biochar:water of 1:50, g/mL), and then the mixture
was stirred at 250 r/min for 10 min at room temperature.
Subsequently, the washed biochar was recovered by centrifuge and dried at 105°C for 24 hr before use (Yu et al., 2014).

1.3. Aging treatment
The application rates of rice hull biochar were set at 0.5%, 1%
and 2% (W/W) by thoroughly mixing 1 kg original soil with
5, 10, or 20 g biochar, separately. After adjusting the moisture
of the biochar amended soil as 70% of its maximum water
holding capacity, the samples were stored at room temperature for 1, 3 and 6 months to get the aged biochar amended
(ABA) soil, respectively. The moisture of the samples was
adjusted by the addition of appropriate amount of deionized
water when it was needed. The prepared ABA soils at 0.5%, 1%
and 2% were used to investigate the effect of aging together
with the fresh biochar amended (FBA) soil as the control.

1.4. Adsorption and desorption

1. Material and methods
1.1. Chemicals
Analytical standard of fomesafen with a purity of 99.5% was
obtained from Dr. Ehrenstorfer, GmbH, Germany. The methanol
used in this study was HPLC gradient grade and was provided
by Tedia Co Inc. (Phoenix, USA), and all other chemicals and
solvents were analytical grade.

Adsorption experiments were conducted using the batch
equilibration technique (OECD 106, 2000) at (25 ± 1)°C. Briefly,
5 g of each treated soils was weighted into a 50-mL polypropylene centrifuge tube containing 10 mL of 1.1 g/L CaCl2
supplemented with fomesafen at concentration of 0.5 to
8 mg/L. After the samples were horizontally shaken in the
dark at 150 r/min for 36 hr (Khorram et al., 2015), they were
centrifuged for 10 min at 6000 × g (Beckman Coulter Allegra®

Table 1 – Physico-chemical properties of unamended and biochar amended soil samples.
Soil/Biochar (S + biochar)

pH

OM (%)

Total N (%)

CEC (cmol/kg)

Sand (%)

Silt (%)

Clay (%)

WHC (%)

Fresh
S
S + 0.5% biochar
S + 1% biochar
S + 2% biochar

7.10
7.23
7.51
7.83

2.11
2.56
3.07
3.47

0.109
0.113
0.118
0.125

12.4
–
–
–

15.25
–
–
–

73.20
–
–
–

11.55
–
–
–

31
33
34
37

S: Xixi Campus soil; OM: organic matter content; CEC: cation exchange capacity; WHC: water holding capacity; “–: no detection.
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Table 2 – Physico-chemical properties of rice hull biochar.
Parameter

Rice hull biochar

pH
Bulk density (g/mL)
Specific surface area (m2/g)
Total carbon content (%)
Ash (%)
Particle size distribution (μm)
Total pore volume (mL/g)
Micro pore volume (mL/g)
Pore size distribution (nm)

9.570
0.205
10.662
44.850
38.012
100–400
0.039
0.004
0.963

25R centrifuge, USA). The resulting supernatant was injected
into HPLC for the determination of fomesafen concentration
after passing through 0.2-μm nylon syringe filter. The sorbed
amount of fomesafen was estimated by the mass difference
between the initial and final fomesafen concentrations in the
aqueous phase.
Desorption experiment was conducted by the conventional single-step decant and refill batch reactor technique
(Tatarkova et al., 2013) immediately after adsorption experiment by successive 36-hr equilibration of soil with the same
amount of 1.1 g/L CaCl2 without fomesafen (Khorram et al.,
2016b). Finally, the supernatants were collected to analyze the
fomesafen concentrations in the aqueous phase as described
above.

1.5. Leaching
Leaching experiments were performed in glass columns
of 8 cm (inner diameter) × 45 cm (length) packed with unamended or biochar amended soil (1300 g) to a height of
35 cm (OECD 312, 2004). The column was oversaturated with
water and the excess of water was allowed to drain freely for
24 hr. Then, 10 mL of fomesafen stock solution (650 mg/L)
was applied onto the top of the column to achieve an initial
concentration of 5 mg/kg in soil body. This concentration
was used to simulate the worst-case scenario of fomesafen
leaching in soil since it was a little higher than the conventional recommended application dose for soybean in
China (Wu et al., 2014). Soil column was leached 72 hr after
the addition of fomesafen by 1800 mL of 1.1 g/L CaCl2 using a
peristaltic pump at rate of 25 mL/hr. The leachate at 3 hr
intervals was injected into HPLC to determine fomesafen
concentration after passing through a 0.2-μm nylon syringe
filter. After leaching of fomesafen, the column was cut into
seven segments (5 cm for each) for the determination of the
herbicide residue.
The soil sample (5 g) from each segment was extracted
ultrasonically for 2 hr (frequency 25–40 Hz; Babic et al., 1998)
and shaken for 12 hr with 50 mL of a methanol/hydrochloric
acid mixture 95:5 (V/V). The mixture was collected after
filtration and extracted three times with 50 mL of CH2Cl2.
The organic phases were collected after passing through
anhydrous sodium sulfate, concentrated on a rotary evaporator (37°C), dried under a gentle nitrogen flow, and dissolved
in 10 mL of methanol for the determination by HPLC. In our
previous study, it has been shown that this method is valid for

fomesafen extraction from the soil samples (Khorram et al.,
2015).

1.6. Seedling growth and plant uptake
Seedling growth test was conducted according to the OECD
guidelines (OECD 208, 2006). Corn (Zea mays L.) seeds were
used in this experiment since this plant has been presented
as one of the most sensitive species to fomesafen (Rauch
et al., 2007). Initially, corn seeds were washed by putting
in 10% sodium hypochlorite (30 min) and deionized water
(30 min) and then, were placed for 24 hr on moistened tissue
paper at (25 ± 1)°C for germination. Plastic pots of 10 cm
(internal diameter) × 10 cm (height) were filled with 200 g
of unamended or biochar amended soil mixed thoroughly
with appropriate amount of fomesafen aqueous solution
to reach spiked concentrations of 0.2, 0.4 and 0.8 mg/L for
each treatment. These concentrations were chosen because
the concentrations higher than 1 mg/L caused plant death
after 7–10 days in preliminary experiments. Soil moisture
was adjusted by addition of deionized water to 70% of its
maximum water holding capacity. Thereafter, three germinated corn seeds were planted in each container and
immediately, planted pots were moved to a controlled growth
chamber with conditions of 27/23°C day/night temperatures,
16 hr lighting cycle, 75% humidity and 300 μmol/(m2·sec)
photo-synthetic active radiation (PAR) for 21 days. At the
end of the experiment, the plants were carefully taken from
the substrate, washed with tap water to remove the debris
on the roots and were used to measure the fresh weight
and the height of the plants. Extraction method from the soil
was the same as it was described in leaching part using 20 g
soils.
For in situ pore water, a soil sample (20 g) was weighed,
transferred into the inner filter of the centrifuge filter tube
and was centrifuged (6000 × g) using a Beckman J2-21 centrifuge (Beckman Coulter, Krefeld, Germany) at 21°C for 90 min.

1.7. 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 the 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. The extract (10 μL) was injected
into the HPLC system and recorded at 290 nm (Khorram
et al., 2015).

1.8. Data analysis
Adsorption and desorption data were fit using the Freundlich
equation,
Cs ¼ K f  Ce 1=nf
where, Cs (mg/kg) is the amount of fomesafen adsorbed, Ce
(mg/L) is the equilibrium concentration in solution, and Kf and
1/nf are empirical indicators for the adsorption capacity and
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the amount of linearity between the adsorbed pesticide and
solution concentrations. The hysteresis coefficient, calculated
as H = (1/nfdes) / (1/nfads) (Cabrera et al., 2014) also provides
information regarding the reversibility of the adsorption
process. All of the data were presented as the means ± SD of
triplicate samples from three independently performed experiments. The statistical significance was determined using
ANOVA and T-test, and a p ≤ 0.05 was considered significant.

2. Results and discussion
2.1. Effects of fresh and aged on fomesafen
adsorption–desorption
2.1.1. Adsorption
Fig. 1 illustrates the adsorption isotherms of fomesafen in
fresh and aged unamended and biochar amended soil. The
adsorption isotherms were all nonlinear, L-shaped and fit the
Freundlich equation (R2 > 0.96) (Fig. 1, Table 3). Compared
to the control, the adsorption of fomesafen onto the soil
was enhanced significantly by the addition of biochar. The
enhancement seemed to be closely related to the amount
of biochar added. Fomesafen adsorption coefficient (Kads
f )
was increased from 0.45 in the control soil to 1.91, 3.49 and
12.38 in the soil amended with biochar at 0.5%, 1% and
2%, respectively (Fig. 1a, Table 3). The adsorption index values
(1/nf) decreased from 0.834 in unamended soil to 0.735 in the

soil amended with 2% (W/W) biochar suggesting that a
decrease in the degree of isotherm linearity with biochar
amendment. These results agreed with previous study in
which higher adsorption of fomesafen in biochar amended
soils contributed to high SSA (Cabrera et al., 2011) and the
presence of micropores (Ahmad et al., 2014) in biochars,
which provide more adsorption sites for pesticide molecules
(Khorram et al., 2015).
According to the adsorption coefficient values (Kads
f ) of
fomesafen in fresh and aged treatments, it appears that the
adsorption capacity of biochar amended soil was reduced
was decreased from 1.91
with time (Table 3). The value of Kads
f
in soil freshly amended with 0.5% biochar to 1.36, 1.13 and 0.96
in the treatments aged for 1, 3 and 6 months, respectively.
was also observed for
Similar decline in the value of Kads
f
fresh and aged treatments amended by 1% and 2% biochar.
Nevertheless, the decrease in the adsorption index values
(1/nf) from unamended treatment to both fresh and aged
biochar-amended treatments represented that the degree of
isotherm linearity was decreased by the amendment of biochar
even after 6 months aging.
Lower adsorption capacity of aged biochar-amended soil
has been reported in few other studies (Zhang et al., 2016).
Zhang et al. (2016) studied the effect of aging process on
adsorption of diethyl phthalate in 0.1% bamboo biochar
amended soil and demonstrated that the adsorption capacity
was decreased by 31%–47% after 30 days of aging compared to
that of fresh treatment. The declined adsorption of fomesafen
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Fig. 1 – Adsorption isotherms of fomesafen on fresh and aged unamended and biochar-amended soils. (a) fresh treatment;
(b) one month treatment; (c) three months treatment; (d) six months treatment. Data points are the average of triplicate
samples. S: Xixi Campus soil.
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Table 3 – Freundlich parameters of fomesafen adsorption–desorption in unamended and biochar-amended soils.
Kads
f
((mg1–1/nf·L1/nf)/kg)

1/nf

R2

Kdes
f
((mg1–1/nf·L1/nf)/kg)

1/nf

R2

H

Fresh
S
S + 0.5% B
S + 1% B
S + 2% B

0.45134
1.90984
3.49374
12.38601

0.83412
0.82125
0.81409
0.73531

0.99889
0.96671
0.96101
0.98722

0.41685
4.39042
9.55998
21.24014

0.63784
0.55328
0.39352
0.36937

0.98745
0.99927
0.98785
0.96872

0.76461
0.67372
0.55713
0.50230

1
S
S
S
S

month
0.44246
1.36476
1.97733
4.16207

0.83062
0.82794
0.79603
0.74164

0.99886
0.99285
0.98106
0.99323

0.41238
4.00151
8.96616
17.36984

0.63564
0.62497
0.48201
0.39519

0.99241
0.99956
0.99588
0.96242

0.76531
0.75478
0.60554
0.53282

3
S
S
S
S

months
+ 0.5% B
+ 1% B
+ 2% B

0.44012
1.13392
1.87654
2.78558

0.82921
0.81768
0.77217
0.72668

0.99886
0.99828
0.98169
0.99623

0.40789
3.10371
7.19016
12.51859

0.63284
0.61917
0.57653
0.52723

0.96178
0.99671
0.99823
0.96887

0.76322
0.75726
0.74660
0.72552

6 months
S
S+ 0.5% B
S+ 1% B
S + 2% B

0.43928
0.95857
1.54007
2.31553

0.82754
0.80843
0.74478
0.71462

0.99886
0.99762
0.99391
0.99569

0.40212
2.88089
6.14631
10.94224

0.62970
0.61374
0.55971
0.52726

0.98262
0.99343
0.99399
0. 9502

0.76104
0.75912
0.75155
0.73782

Treatment

+ 0.5% B
+ 1% B
+ 2% B

in aged biochar amended soil might be mainly resulted from
the cover of biochar surface and the micro-pores by the
organic and inorganic substances (Cornelissen et al., 2004;
Pignatello et al., 2006). In addition, the oxidation of biochar

surface may lead to oxidized functional group and the presence
of easily oxidizable organic fraction probably competes with
pesticide molecules for available adsorption sites (Joseph
et al., 2010).
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Fig. 2 – Desorption isotherms of fomesafen on unamended and biochar-amended soils. (a) fresh treatment; (b) one month
treatment; (c) three months treatment; (d) six months treatment. Data points are the average of triplicate samples.
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2.1.2. Desorption
As it is seen in Fig. 2, all the desorption isotherms of fomesafen
from fresh and aged biochar amended soil followed the
Freundlich equation (R2 > 0.95, Table 3). Desorption of fomesafen
was reduced by biochar amendment in all fresh treatments.
The desorption coefficient value (Kdes
f ) was increased progressively from 0.42 in the unamended soil to 4.39, 9.55 and
21.24 in the soil amended with 0.5%, 1% and 2% of rice hull
biochar, respectively (Table 3). In addition, hysteresis in
desorption of fomesafen (1/nfdes < 1/nfads) (Table 3) suggests
that the adsorbed herbicide molecular are difficult to be
desorbed (Koskinen et al., 2006). Furthermore, the decrease
of H index ((1/nfdes)/(1/nfads)) from 0.76 in unamended soil to
0.50 in the soil freshly amended with 2% of biochar implies a
significant decline in the reversibility of fomesafen by the
presence of rice hull biochar. This data was consistent with the
results of previous studies (Si et al., 2011; Dechene et al., 2014)
in which lower desorption capacities of the biochar amended
soils than the unamended soils were observed due to irreversible attachment of pesticide molecules onto the micro-pores
of biochar.
With respect to the effect of aging process on desorption
of fomesafen from biochar amended soil, it could be found
that desorption was increased in both of unamended and
biochar amended soils with aging time. Desorption coefficient
value (Kdes
f ) of fomesafen in 0.5% biochar amended soil was
decreased from 4.39 in the fresh treatment to 4.00, 3.10 and
2.88 after 1, 3 and 6 months aging, respectively. Similar trends
were observed in the cases of 1% and 2% biochar amended

value ranging from 9.56 and 21.24 in the fresh
soil with Kdes
f
treatments to 6.14 and 10.94 in 6 months aged treatments
(Table 2), respectively. Moreover, the value of H index was
found to be increased from 0.50 for the fresh treatment with
2% of biochar to 0.53, 0.73 and 0.74 for the corresponding
treatments aged for 1, 3 and 6 months.
In agreement with our results, Zhang et al. (2016) indicated
that desorption of diethyl phthalate from biochar amended
soil was increased with the aging of biochar in soil. Martin
et al. (2012) illustrated that desorption of diuron was increased
with the aging of biochars from paper mill sludge and poultry
litter in a field although the aged biochars were effective
compared to the control soil. The increased desorption of
pesticides with the aging of biochar in soil might induced by:
(1) desorption of pesticide molecular weakly attached on the
surface of biochar by the filling of biochar micro-pores with
the interaction between soil minerals and biochar particles
(Tian et al., 2010); and (2) replacement of pesticide molecular
by dissolved organic carbon (DOC) resulted from the aging of
biochars in soil (Zengin et al., 2008).

2.2. Effects of biochar aging on fomesafen leaching in soil
For the fresh unamended soil, fomesafen was initially leached
out from the column with 560 mL of the leacheate 1.1 g/L
CaCl2. Afterwards, the amount of leached fomesafen was
increased rapidly with the leachate and achieved its maximum at 975 mL followed a decline in leaching with time
(Fig. 3a). It was estimated that about 84% of fomesafen added
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Fig. 3 – Breakthrough curves (BTCs) of fomesafen leaching. (a) fresh treatment; (b) one month treatment; (c) three months
treatment; (d) six months treatment. Data points are the average of triplicate samples, and error bars represent the standard
deviations.
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Table 4 – Fomesafen ratio in leachate and soil column.
Added biochar

0

0.5%

1%

2%

Total leached ratio—Fresh
Total leached ratio—1 month
Total leached ratio—3 months
Total leached ratio—6 months
Total retained ratio—Fresh
Total retained ratio—1 month
Total retained ratio—3 months
Total retained ratio—6 months

84.25%
84.25%
84.25%
84.25%
13.45%
13.45%
13.45%
13.45%

67.50%
73.40%
76.20%
78.10%
21.36%
19.00%
14.80%
14.10%

48.40%
60.40%
66.80%
70.90%
51.48%
31.80%
24.50%
21.70%

21.40%
33.50%
41.80%
47.30%
76.00%
57.80%
49.80%
43.40%

was leached from the column with 560–1570 mL of the
leachate (Table 4). With the amendment of biochar into the
soil, leaching of fomesafen in soil column seemed to be
retarded and reduced drastically due to intensive adsorption
of biochar (Fig. 3). The retention volume was decreased from
1330 mL in unamended soil to 1120, 560, and 440 mL in the
soil freshly amended with biochar at rate of 0.5%, 1% and 2%,
respectively. Accordingly, the total amount of fomesafen
leached from the column was declined from 84% in biochar
free soil to 67.5%, 48.4% and 21.4% in soil freshly amended
with biochar at rate of 0.5%, 1% and 2% (Table 4), respectively.
Moreover, The total amount of fomesafen retained in the
columns increased from 13.45% in the unamended soil to
76% in the column filled with fresh 2% biochar amended soil
(Table 4) and most of the pesticide (> 40%) was retained in
the top 5 cm of the columns (Fig. 4). Similar to our results, Si
et al. (2011) observed a decrease by 60%–85% in isoproturon

leaching from three soils with the amendment of charcoal at
1%–5% due to high adsorption capacity of charcoal.
With the aging of biochar in soil, the leaching of fomesafen
in biochar amended soil seemed to be easier compared to
the soil freshly amended with biochar (Fig. 3). The total
leaching rate of fomesafen was increased from 67.5% in
freshly amended soil at 0.5% to 73.4%–78.1% in the soil aged
for 1–6 months, respectively. More profound increase in the
leached rate was observed in soils amended with bichar at
1% and 2% ranging from 48.4% and 21.4% for the fresh
treatments, to 60.4% and 33.5%, 66.8% and 41.8%, 70.9% and
47.3% for the treatments aged for 1, 3, and 6 months (Table 4),
respectively. Furthermore, the amount of retained fomesafen
in the columns progressively decreased from 21%–76% in freshly
amended soil to 14.1%–43.4% in 6-months aged treatment. It
is noteworthy that adsorption pattern was the same in all
treatments since top 10 cm of the columns retained higher
than 70 percentage of adsorbed fomesafen in both fresh and
aged treatments (Fig. 4).
These results are consistent with previous studies presenting that aging of biochar in soil environment decreases
the adsorption capacity of biochar (Pignatello et al., 2006)
since the interaction between biochar and soil results in
clogging the pore space of biochar, covering biochar surface by
soil particles and consequently, eliminating reactive biochar
surface (Martin et al., 2012). Moreover, swelling and crushing
of the biochar particles by passing the time most likely
decrease the abundance of available micropore structures as
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Fig. 4 – Distribution of Fomesafen in soil columns filled with soils without and with different rates of biochar. (a) fresh
treatment; (b) one month treatment; (c) three months treatment; (d) six months treatment. Columns are the average of triplicate
samples, and error bars represent the standard deviations.
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Fig. 5 – Plant height of corn cultivated in unamended and biochar amended soils fortified with three different concentrations of
fomesafen. (a) fresh treatment; (b) one month treatment; (c) three months treatment; (d) six months treatment.

the main site for irreversible adsorption of organic compounds
(Delwiche et al., 2014).

2.3. Effects of biochar aging in soil on plant uptake of fomesafen
In the absence of fomesafen, biochar amendment improved
the growth of corn as the height of corn in fomesafen free
treatment increased from 28.11 cm in unamended soil to
40.93, 44.05 and 52.48 cm in soil amended with 0.5%, 1% and
2% of biochar, respectively (Figs. 5 and 6). In agreement with
our results, it has been shown that the addition of fresh
biochar as a product of vegetation residue can improve the
growth and biomass of plants (Lehmann et al., 2006) through
providing more macro- and micro nutrients in soil environment (Novak et al., 2009).
The plant height of corn was significantly reduced from
28.21 cm in control to 24.22, 19.91 and 17.96 cm in the soil
fortified with fomesafen at 0.2, 0.4 and 0.8 mg/kg, respectively.
This result showed that the introduction of fomesafen can
cause serious damage on sensitive non-target plants like
corn due to its high inhibitory effects on protoporphyrinogen
oxidase, a key enzyme in porphyrin biosynthesis pathway in
plants (Rauch et al., 2007).
The inhibitory effect of fomesafen seemed to be reduced by
the amendment of biochar compared to the data of corn in
biochar free soil fortified with fomesafen. As it is seen in Fig. 5,
in unamended treatment, the height of corn in soil fortified
with fomesafen at 0.8 mg/kg was decreased by 36.5% compared to the control. However, in 0.5% biochar amended

treatment, the height of corn was determined as 119% of the
control, representing that biochar amendment could effectively suppress the undesirable effect of fomesafen on corn
growth. More profound increase in corn height was observed
in soils amended with 1% and 2% of biochar, when the corn
growth was promoted by 147% and 181% in plant height,
respectively, as compared to the level of the control (Fig. 5).
According to the concentration of residual fomesafen in soils
and in situ pore water (Fig. 7), the introduction of biochar into
the soil increased the concentration of retained fomesafen
in the soil significantly from 0.11, 0.22 and 0.45 mg/kg in
unamended soils, to 0.14, 0.26 and 0.52 mg/kg in soil amended
with 2% of rice hull biochar, respectively. On the other hand,
the fomesafen concentration in in situ pore water followed
the opposite trends and decreased significantly from 0.038, 0.08
and 0.194 mg/kg in soil without biochar to 0.012, 0.045 and
0.106 mg/kg in 2% biochar-amended soil. Similar to our findings,
Oleszczuk et al. (2012) showed that biochar amendment could be
considered as an effective way to decrease the concentration of
freely dissolved PAHs. Because biochar shows high adsorption
capacity for organic contaminants and metal ions (Karami et al.,
2011), the addition of biochar into the soil could decrease the
concentration of contaminants in in situ pore water, which are
considered as the bioavailable fractions of contaminants for
living organisms (Folberth et al., 2009).
With respect to aged biochar amended soil, it was found
that in the absence of fomesafen, corn growth increased
slightly from fresh treatment to 6 months of aged treatment.
Corn plant height in fomesafen free soil increased slightly
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Fig. 6 – Photos of cultivated corn in soil without biochar and soil with different percentage of biochar. (a) fresh treatment; (b) one
month treatment; (c) three months treatment; (d) six months treatment. S: Xixi Campus soil.

from 52.5 cm in fresh 2% biochar amended soil to 57.2 cm in
corresponding 6 months of aged treatment (Fig. 5). Higher
corn biomass in aged biochar treatments compared to fresh
biochar amended treatment has been also presented by
Butnan et al. (2015) who studied the effects on two types of
Eucalyptus wood biochars on plant growth rate. In this study,
the application of fresh biochars did not show any positive
effects on plant growth, but aged biochars at rate of 0.5%–2%
improved corn biomass from 100%–210% compared to that of
the control. This phenomenon is most likely because of
progressive release of mineral matters from biochar with
time, which leads to faster grow of microorganisms facilitating the breakdown of organic matter (Amonette et al., 2006).
Moreover, the addition of biochar into the moist soil releases
significant amounts of soluble organics to the soil solution
during the time, which can stimulate seed germination and
the growth of symbiotic fungi and probably provide better
growth environment for plant roots (Liang et al., 2006).
By contrast, in fomesafen fortified treatments, the aging
process decreased the growth of corn in biochar amended.
Fresh biochar amendment at rates of 0.5%–2% promoted the
plant height of corn planted in soil fortified with fomesafen
46%–81% compared to those of control. However, the percentage of the plant height stimulation decreased to 66%–80%,
59%–76% and 46%–68% after 1, 3 and 6 months aging, respectively (Fig. 5). The concentration of residual fomesafen in soils

and in situ pore water (Fig. 7) also presented that the capability
of biochar to retain fomesafen declined progressively from
fresh treatment toward 6 months aged biochar amended soil.
The addition of 2% biochar to fresh treatment increased the
concentration of retained fomesafen in the soil 20%–26% compared to control, but after 1, 3 and 6 months of aging, fomesafen
concentration in soil was only 14%–16%, 6%–11% and 4.5%–8.7%
higher than those of control, respectively. Contrarily, the concentration of fomesafen in in situ pore water which was 0.012–
0.106 mg/kg in fresh 2% biochar amended soil increased to
0.017–0.152 mg/kg in 6 months aged treatment. The decrease
of residual fomesafen concentration in soil during the aging
process is most likely due to lower adsorption capacity of aged
biochar compared to that of the fresh biochar (Zhang et al.,
2016). Similarly, Yang and Sheng (2003) studied on the efficacy
of wheat ash biochar in adsorption of diuron for 1, 3, 6 and
12 months and presented that 50%–60% reduced adsorption
of the herbicide happened after 1-month of aging due to the
blockage of pollution adsorption site by dissolved organic
matter or other present pollutants molecules in the soil.
Deformation of macropore networks in biochar due to the
preoccupation by microorganisms also changes the surface
area of biochar (Thies and Rilling, 2009). Therefore, higher
toxicity effect of fomesafen in aged biochar amended soil
compare to fresh treatment could be attributed to higher concentration of fomesafen in soil pore water.
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Fig. 7 – Fomesafen concentrations in soil and in situ pore water. (a) fresh treatment; (b) one month treatment; (c) three months
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3. Conclusions
Based on the results of this study, it was concluded that the
addition of fresh rice hull biochar significantly increases the
adsorption of fomesafen due to higher SSA and OC content
of biochar. Biochar amendment also decreases fomesafen
concentration in soil pore water, reducing the risk of the
herbicide for cultivated plants. However, the amount of
fomesafen adsorbed onto the biochar amended soil decreased after aging process with the adsorption capacity
of biochar-amended soil following the order of fresh treatment >1-month aged treatment >3-months aged treatment
>6-months aged treatment. Consequently, higher desorption,
leaching and bioavailable fraction of fomesafen belonged to
6-month aged treatment probably due to the presence of lower
adsorption capacity of aged biochar for fomesafen molecule
attachment.
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