
Nitrogen (N) is the basis of rice biomass accu-
mulation, which plays an important role in yield 
formation (Huang et al. 2018, Wang et al. 2019). The 
world increasingly depends on inorganic fertiliser 
to meet the needs of a growing population for food 
production (Lal 2004, Bouwman et al. 2013). However, 
excessive N fertiliser and improper application me-
thods not only increase input costs but also result in 
low N-use efficiency, high fertiliser losses through 
nitrate leaching and surface runoff (Hu et al. 2018), 
leading to a seriously polluted environment (Sun et 
al. 2019). Therefore, it is urgent to find an effective 
way to reduce nitrogen loss.

Biochar was considered as a potentially applicable 
material to mitigate nitrogen leaching (Gai et al. 
2014). Biochar is the product of thermal degradation 
of organic materials in the absence of air (pyroly-
sis) (Lehmann et al. 2011). Biochar not only has 
a highly porous structure (Lin et al. 2012), but also 
a high specific surface area and a number of polar or 
nonpolar substances, which has a strong affinity to 
inorganic ions such as heavy metal ions, phosphate, 
and nitrate (Kammann et al. 2015, Schmidt et al. 
2015). Many studies showed that biochar had the 
potential to absorb nutrients. The nitrate (NO3

–) 
adsorption capacity of bamboo biochar at 900 °C was 
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about 1.2 mg/g (Mizuta et al. 2004). Yao et al. (2012) 
indicated that biochar effectively absorbed ammo-
nium (NH4

+) and NO3
– by 3.7% and 15.7%. But some 

studies oppositely shown that biochar had limited 
or no adsorption capacity for NO3

– (Hollister et al. 
2013). The mechanisms attributed to adsorption of 
NH4

+ onto biochar surface include: NH4
+ reacting with 

acidic functional groups to form amides and amines 
(Spokas et al. 2011); attracting to negatively charged 
surfaces (Zheng et al. 2013); binding to cationic spe-
cies sites on the surface of biochars (Hale et al. 2013); 
and π-π electron donor-acceptor interactions (Zhu 
and Pignatello 2015). Ding et al. (2010) indicated that 
the application of biochar reduced overall cumulative 
losses of NH4

+ via leaching by 15.2% at 20 cm depth. 
Among the columns applied with manure, the 20 g/kg 
biochar treatments reduced total N by 11% (Laird 
et al. 2010). However, the adsorption of soil nitro-
gen was not permanent. Zhang et al. (2015) demon-
strated that the desorption of NH4

+ in biochar was 
greater than activated biochar, which ranged from 
18% to 31%. The desorption of NO3

– in activated bio-
char treatment at 4–5 mg/L was higher than that at 
0–4 mg/L. In addition, Ding et al. (2016) proposed 
that biochar had great potential as a slow-release 
fertiliser.

In rice production, excessive use of nitrogen fer-
tiliser causes a large amount of nitrogen leaching, 
leading to environmental pollution. At the same 
time, the burning of rice straw seriously pollutes the 
environment. Adding rice straw biochar (RSBC) to 
the soil is expected to be a method to reduce nitrogen 
fertiliser pollution and straw pollution. However, 
the effect of adding RSBC on the adsorption and 
leaching of NH4

+ or NO3
– in paddy soil was rarely 

studied. Therefore, the laboratory experiments were 
conducted to investigate the adsorption capacity 

and the leaching characteristics of NH4
+ and NO3

– 
at different soil depths as affected by RSBC using 
multi-layered soil columns. The results of this study 
will provide a new theoretical basis for RSBC to re-
duce nitrogen fertiliser leaching, improve nitrogen 
fertiliser utilisation efficiency and mitigate nitrogen 
fertiliser pollution.

MATERIAL AND METHODS

Characterisation of soil and RSBC. The experi-
mental soil was sampled from 0–20 cm plow layers 
of paddy field in Jiangxi Agricultural University 
(28°55'N, 115°94'E), Nanchang city, Jiangxi province, 
China. The soil was air-dried, passed through a 2 mm 
sieve, and mixed to get a homogeneous sample used in 
the column experiments. The RSBC used in this study 
were purchased from Sanli New Energy Company, 
Henan, China. Rice straw was collected by a cutting 
tractor, then shipped to and air-dried in the produc-
tion plant. Pyrolysis of rice straw was performed in 
a vertical kiln at 550 °C, converting 35% of the bio-
mass to biochar. The RSBC passed through a 1 mm 
sieve. The characteristics of the experimental soil 
and the RSBC are shown in Table 1.

Adsorption experiments. In order to investigate 
the ability of RSBC to adsorb NH4

+ and NO3
–, ammo-

nium chloride (NH4Cl) and potassium nitrate (KNO3) 
were selected to obtain the adsorption isotherm in 
a closed system. The adsorption experiments were 
carried out in a series of 200 mL conical flasks con-
taining 50 mL of NH4

+ (or NO3
–) solutions and 0.2 g 

RSBC. Specifically, 50 mL of NH4
+ (or NO3

–) solutions 
with different concentrations (10, 30, 50, 70, 100, 150, 
300 and 500 mg/L) were selected and their actually 
initial concentration (C0) determined by continuous 
flow analyser (San++, Skalar, Delft, the Netherlands) 

Table 1. Characteristics of the tested soil and rice straw biochar

Soil Rice straw biochar
Density (g/cm3) 1.2 density (g/cm3) 0.80 surface area (m2/g) 120.0
pHH2O 5.2 pyrolysis temperature (°C) 550 pHH2O 10.3
Organic C (g/kg) 23.4 pore size (nm) 3.5 CEC (cmol+/kg) 4.5
Total N (g/kg) 2.37 C (%) 50.5 EC (mS/cm) 110.5
NH4

+-N (mg N/kg) 0.27 N (%) 0.86 ash content (%) 26.6
NO3

–-N (mg N/kg) 9.8 P (%) 0.24 Ca (%) 6.8
Available P (mg/kg) 24.4 K (%) 2.0 Mg (%) 0.38
Available K (mg/kg) 179.0

CEC – cation exchange capacity; EC – electrical conductivity
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after completely shaken in a thermostatic shaker at 
25 °C and 200 rpm for 24 h. After that, 0.2 g RSBC 
was added to the NH4

+ (or NO3
–) solutions, and the 

mixture was shaken in the thermostatic shaker at 
25 °C and 200 rpm for 24 h to achieve adsorption 
equilibrium. Then, the mixtures were placed into 
a centrifuge with a speed of 3 000 rpm for 10 min to 
separate the solid from the solution. The NH4

+ (or 
NO3

–) concentration of the solution sample taken 
from the flasks was determined by a continuous flow 
analyser after filtered through a 0.45-μm membrane. 
For statistical analysis, including the assessment of 
experimental errors, all experiments were performed 
in triplicate. The amount of NH4

+ (or NO3
–) adsorbed 

on the RSBC was calculated as the difference between 
the original NH4

+ (or NO3
–) concentration and the 

remaining aqueous concentration at equilibrium. The 
amount of NH4

+ (or NO3
–) adsorbed per unit mass 

of RSBC was calculated as Eq. (1) (Ok et al. 2007):
Qe = (C0 – Ce) × V/M

where: Qe (mg/g) – amount of NH4
+ (or NO3

–) adsorbed by 
RSBC at equilibrium; C0 and Ce (mg/L) – initial and equilib-
rium concentration of NH4

+ (or NO3
–), respectively; V (L) – 

volume of the aqueous solution; M (g) – mass of RSBC. 

The NH4
+ (or NO3

–) sorption data were fitted to 
linear Freundlich and Langmuir models, which are 
the most frequently used models to describe adsorp-
tion isotherms. The Freundlich adsorption model is 
as Eq. (2) (Gai et al. 2014):

lnQe = 1/nlnCe + lnKF

where: KF (mmol/g) and n – experimentally derived con-
stants; KF – adsorption capacity of the adsorbent; n – degree 
of favourable of the adsorption process (Araújo et al. 2018). 
1/n ranges between 0 and 1 and is a measure of adsorption 
intensity or surface heterogeneity. A lower 1/n value indica-
tes a greater degree of heterogeneity on the biochar surface.

The Langmuir isotherm model assumes homo-
geneous monolayer surface sorption, which can be 
written as Eq. (3) (Ding et al. 2010):

Ce/Qe = Ce/Qm + 1/(QmKL)

where: Qm (mg/g) – maximum adsorption capacity of RSBC; 
KL (L/mg) – Langmuir constants related to the adsorption 
capacity and adsorption rate. When Ce/Qe is plotted against 
Ce, a straight line with a slope of 1/Qm and an intercept of 1/
(QmKL) is obtained.

Leaching experiments. Figure 1 is the schematic 
diagram of the multi-layer soil column device impro-
ved by referring to the previous research methods 

(Ding et al. 2010, Gai et al. 2014). Each column had 
an inner diameter of 10 cm, a height of 52 cm, and 
four sampling ports (including three tube sections 
and one tap) at different heights from the top, expe-
rimentally representing four soil depths in a profile 
of 10, 20, 30, and 40 cm (Figure 1). The three sepa-
rated sections could be well joined and sealed during 
an experiment. Each section had a small hole drilled 
in the middle on the tube sidewall for extraction of 
soil leachate at different layers in the profile. A sim-
ple water container was used for supplying distilled 
water to the column to simulate leaching.

The soil column was filled with 6 cm of quartz 
sand, 40 cm of soil subsamples and 6 cm of water 
from the bottom to top. A 6-cm thick, acid-washed 
quartz sand layer was placed at the bottom of each 
column for filtration of soil leachate. The middle 
section of the column (0–40 cm soil profile was 
marked separately on the right side of the soil col-
umn) was filled with the < 2 mm air-dried and mixed 
soil subsamples according to the soil bulk density in 
the paddy field. However, the soil placed on the top 
0–10 cm of the soil profile was subjected to one of 
the following treatments: (1) ammonium chloride 
and potassium nitrate application with 0% RSBC 
(w/w, designated as CK); (2) ammonium chloride and 
potassium nitrate application with 2% RSBC (w/w, 
adding 17.6 g biochar); (3) ammonium chloride and 
potassium nitrate application with 4% RSBC (w/w, 
adding 35.2 g biochar); (4) ammonium chloride and 

(1)

(2)

(3)
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Figure 1. Schematic diagram of the multi-layer soil 
column device used in this study
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potassium nitrate application with 6% RSBC (w/w, 
adding 52.9 g biochar), with four replicates for each 
treatment. The amount of N fertiliser used in the 
above treatments was the same, that was, ammonium 
chloride added at a rate of 0.29 mg N per g of soil 
and 256.4 mg N per column, and potassium nitrate 
added at a rate of 0.15 mg N per g of soil and 135.9 mg 
N per column. In addition, two layers of 2 mm nylon 
mesh were placed on the inner wall of each sampling 
ports. The leaching experiment was conducted at 
25 ± 2 °C in the laboratory.

Before starting the nitrogen leaching experiment, 
1 600.0 mL distilled water was added from the top 
over a period of 3 days in order to have a homo-
geneously moist soil column at field capacity. The 
total soil porosity and water holding capacity in the 
columns were about 55% and 45%. Distilled water 
was added and maintained a 6 cm water layer to 
simulate flooding status.

Sampling time and methods. Leachate samples 
were extracted at different depths in the soil column 
profile through sampling ports at 3 days in the initial 
stage and 7 days in the following stage. All the samp-
ling ports were sealed when not sampled. The outlet 
of the upper three layers of soil was sealed when not 
sampled. Sealed the outlet of the upper three layers 
of soil when it was not sampled. Leachate samples 
were extracted at different depths in the soil column 
profile through each sampling port at 1, 7, 14, 21, 28 
and 42 days. Leachates were collected about 30 mL 
and refrigerated at 4 °C for testing. The outlet of 
the upper three layers of soil was sealed when not 
sampled. Opened the bottom exit and received the 
leachates in a small-necked bottle. Recorded the 
extract volume on days 7, 14, 21, 28, and 42, shake 
evenly and remove 30 mL for analysis. At the end 
of the last leaching, the soil was removed from the 
soil column, and 50 g was taken out to be stored. 
All of the samples were stored in the dark at 4 °C in 
an icebox before analysis.

Determination of NH4
+ and NO3

– content. Soil 
NH4

+ and NO3
– were extracted after shaking for 

60 min with 2 mol/L KCl followed by a 10-min stan-
ding and then filtered through quantitative filters. 
The leachates were filtered with quantitative filter 
paper. The NH4

+ and NO3
– contents of soil and lea-

chates were determined using San++ Continuous flow 
analyser (Skalar, Delft, the Netherlands).

Statistical analysis. The results were expressed as 
means and standard deviations. Figures were plotted 
with the Origin 8.5 software (OriginLab, Northampton, 

USA). Statistical analysis was performed using the soft-
ware of JMP, ver. 5.1 (SAS Institute, Cary, USA, 2003). 
Any differences between the mean values with P < 0.05 
were considered statistically significant. Regression was 
used to evaluate the fitness of the prediction models 
to the experimental data in this study. The suitability 
of the model fitting was assessed using R2 values and 
Akaike information criterion (AIC) values.

RESULTS

Adsorption of NH4
+ and NO3

– by RSBC. The equi-
librium adsorption isotherms of NH4

+ and NO3
–, which 

are essential to understand the mechanism contro-
lling the RSBC adsorption process, are presented in 
Figure 2. With the concentration of NH4

+ (or NO3
–) 

increasing in solution, the amount of them adsorbed 
by RSBC at equilibrium increased accordingly. The 
adsorption characteristics were significantly fitted 
with Freundlich and Langmuir adsorption isother-
mal curve models (Figures 3 and 4). NH4

+ and NO3
– 

absorption data can be introduced into the linear 
Freundlich and Langmuir models. The formulas of 
Freundlich and Langmuir models were shown below.

NH4
+: Freundlich lnQe = 0.300lnCe + 0.625; R2 = 0.964  (4)

   Langmuir Ce/Qe = 0.032Ce + 1.918; R2 = 0.996

NO3
–: Freundlich lnQe = 0.578lnCe + 0.186; R2 = 0.910  (6)

   Langmuir Ce/Qe = 0.100Ce + 2.308; R2 = 0.997

From the Freundlich model, we can see that NH4
+ 

had a greater KF value and lower 1/n value com-

Figure 2. Adsorption isotherms of NH4
+-N and NO3

–-N 
on rice straw biochar. Qe – amount of N sorbed by per 
unit mass of biochar at equilibrium; Ce – concentration 
of N in the solution at equilibrium

(5)

(7)
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pared with NO3
– in the isotherm, which indicates 

that RSBC has relatively high adsorption capacity 
and intensity to NH4

+. However, sorption of NH4
+ 

and NO3
– to RSBC was better fitted to the Langmuir 

isotherm model, with higher R2 values than that of 

the Freundlich model. The maximum adsorption 
capacity of RSBC to NH4

+ and NO3
– were 31.25 and 

10.00 mg/g, respectively.
Effect of RSBC on leaching of NH4

+ from soil 
column. The maximum concentration of NH4

+ 
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leached from the soil column at 10, 20, 30, and 40 cm 
depths appeared on 7, 7 to 14, 28 and 28 to 42 days, 
respectively (Figure 5). During the first week of the 
experiment, compared with CK treatment (0% RSBC 
amendment), the NH4

+ content leached from the soil 
column at 10 cm depth was decreased obviously 
by 14.3, 20.6 and 32.9% for the treatments with 2, 
4 and 6% RSBC amendment (Figure 5). However, 
the NH4

+ content in leachates from 10 cm depth 
declined rapidly for CK thereafter. Compared with 
CK, as a consequence, NH4

+ content in the leachates 
from 10 cm depth increased by 52.0, 126.4, 13.0% 
for the treatments with 2, 4 and 6% RSBC amend-
ment after the experiment, respectively. In terms of 
other soil depths, NH4

+ content in leachates at most 
sampling days for the treatments with 2, 4 and 6% 
RSBC amendment was higher than that of CK treat-
ment (Figure 5).

Compared with CK, the cumulative losses of NH4
+ 

in the leachates from the soil column were decreased 
by 23.3, 35.1 and 13.7% after the experiment with 2, 
4 and 6% RSBC amendment, respectively (Figure 6). 

Among treatments, there were significant differences 
in cumulative losses of NH4

+ in the leachates during 
each sampling time (Table 2). These suggested that 
NH4

+ leaching from soil can be significantly reduced 
with additional RSBC amendment.

The residual NH4
+-N content ranged from 6.03 to 

40.77 mg N/g among different treatments and layers 
of soil column (Figure 7). Compared with CK, the 
content of residual soil NH4

+ was increased signifi-
cantly for the treatment with biochar amendment 
in the soil column (except for 4% RSBC in 30–40 cm 
soil layer, and 6% RSBC in 0–10 cm and 10–20 cm 
soil layers). Particularly, the highest content of re-
sidual NH4

+ in the soil column was observed in the 
treatment with 4% RSBC amendment (except for 
30–40 cm soil layer).

Effect of RSBC on leaching of NO3
– from soil 

column. The change of NO3
–-N content ranged from 

1.14 to 2.94 mg N/L of the leachates at the 10, 20 
and 30 cm depths. It varied from 115.97 mg N/L to 
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Table 2. Analyses of variance for the influence of different treatment on cumulative losses of NH4
+-N and NO3

–-N 
in the leachates from soil columns

df
Time (days)

1 7 14 21 28 42
NH4

+ 3 54.6** 81.3** 101.6** 136.5** 146.7** 444.6**
NO3

– 3 1.00ns 0.16ns 0.15ns 0.13ns 0.11ns 0.08ns

*P < 0.05; **P < 0.01; nsnon-significant
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164.27 mg N/L during the first week at 40 cm depth, 
while then gradually decreased to background levels 
(Figure 8). As a result, the cumulative loss of NO3

–-N 
from the soil column in all treatments almost all 
occurred in the first week (Figure 9). In addition, 
there were no differences in cumulative losses of 
NO3

–-N among treatments during each sampling time 
(Table 2). It suggested that the addition of RSBC had 
no significant effect on the NO3

– leaching from the 
soil. The residual value of NO3

– content ranged from 
0.34 to 0.54 mg/g at the four soil layers. There was 
no difference between the 2% treatment and CK for 
the four soil layers, but they were obviously higher 
than 6% and 4% treatments (except for 6% treatment 
at 30–40 cm soil layer).

DISCUSSION

Adsorption characteristics of NH4
+ and NO3

– 
in solution by biochar. In most soils, NH4

+ and 
NO3

– are the predominant sources of nitrogen avail-
able for plant nutrition. Biochar was considered as 
a potentially applicable material to mitigate nitrogen 
leaching. The equilibrium adsorption isotherms of 

NH4
+ (or NO3

–), which are essential to understand 
the mechanism controlling the biochar adsorption 
process. With the concentration of NH4

+ (or NO3
–) 

increasing in solution, the amount of them adsorbed 

Figure 8. Temporal dynamics of NO3
–-N content in the leachate from soil column at 10, 20, 30 and 40 cm depths 

(treatment: adding 0, 2, 4 and 6% rice straw biochar, respectively)

 

0 10 20 30 40 50
0

10

20

30

40

50

60

70

80

Ra
tio

 o
f N

O- 3-N
 lo

ss
es

 fr
om

 so
il 

co
lu

m
n 

(%
)

Time (days)

0% 2%
4% 6%

Figure 9. The ratio of cumulative losses of NO3
–-N in 

the leachates from soil column with different biochar 
application rates (treatment: adding 0, 2, 4 and 6% rice 
straw biochar, respectively)

Time (days)
0            10            20           30           40            50

80

70

60

50

40

30

20

10

0R
at

io
 o

f N
O

3– -N
 lo

ss
es

 fr
om

 s
oi

l c
ol

um
n 

(%
)

 

0 7 14 21 28 35 42
0

1

2

3

4

0 7 14 21 28 35 42
0

1

2

3

4

0 7 14 21 28 35 42
0

40

80

120

160

200

0 7 14 21 28 35 42
0

1

2

3

4

10 cm 20 cm

0% 2%
4% 6%

40 cm30 cm

Time （days）

NO
3-  co

nt
en

t i
n t

he
 le

ac
ha

te 
(m

g N
/L

)

Time (days) Time (days)

N
O

3–  c
on

te
nt

 in
 th

e 
le

ac
ha

te
 (m

g 
N

/L
)

10 cm 20 cm

30 cm 40 cm

0         7        14      21       28      35      42 0         7        14      21       28      35      42

0         7        14      21       28      35      420         7        14      21       28      35      42

4

3

2

1

0

4

3

2

1

0

4

3

2

1

0

200

160

120

80

40

0
 

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

10 cm 20 cm

0% 2%
4% 6%

30 cm

Time （days）

40 cm

NH
4+  co

nt
en

t i
n 

th
e l

ea
ch

ate
 (m

g 
N/

L)

 

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

10 cm 20 cm

0% 2%
4% 6%

30 cm

Time （days）

40 cm

NH
4+  co

nt
en

t i
n 

th
e l

ea
ch

ate
 (m

g 
N/

L)

0%
2%
4%
6%

 

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

10 cm 20 cm

0% 2%
4% 6%

30 cm

Time （days）

40 cm

NH
4+  co

nt
en

t i
n 

th
e l

ea
ch

ate
 (m

g 
N/

L)

 

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

10 cm 20 cm

0% 2%
4% 6%

30 cm

Time （days）

40 cm

NH
4+  co

nt
en

t i
n 

th
e l

ea
ch

ate
 (m

g 
N/

L)

 

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

10 cm 20 cm

0% 2%
4% 6%

30 cm

Time （days）

40 cm

NH
4+  co

nt
en

t i
n 

th
e l

ea
ch

ate
 (m

g 
N/

L)

 

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

10 cm 20 cm

0% 2%
4% 6%

30 cm

Time （days）

40 cm

NH
4+  co

nt
en

t i
n 

th
e l

ea
ch

ate
 (m

g 
N/

L)

0%
2%
4%
6%

 

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

10 cm 20 cm

0% 2%
4% 6%

30 cm

Time （days）

40 cm

NH
4+  co

nt
en

t i
n 

th
e l

ea
ch

ate
 (m

g 
N/

L)

 

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

0 7 14 21 28 35 42

50

100

150

200

0 7 14 21 28 35 42
0

50

100

150

200

10 cm 20 cm

0% 2%
4% 6%

30 cm

Time （days）

40 cm

NH
4+  co

nt
en

t i
n 

th
e l

ea
ch

ate
 (m

g 
N/

L)

14

Original Paper	 Plant, Soil and Environment, 67, 2021 (1): 8–17

https://doi.org/10.17221/276/2020-PSE



by RSBC at equilibrium increased accordingly. Since 
plenty of pores were formed during the pyrolysis of 
rice straw at high temperature (Lin et al. 2012), RSBC 
has achieved high physical adsorption capacity, which 
is one of its important characteristics, with a large 
specific surface area (Table 1, the specific surface 
area of the tested RSBC reached 120 m2/g when 
carbonised at 550 °C). From the Freundlich model, 
however, our results showed that RSBC has relatively 
high adsorption capacity and intensity to NH4

+. From 
the Langmuir model, moreover, we can see that the 
maximum adsorption capacity of RSBC to NH4

+ and 
NO3

– were 31.25 and 10.00 mg/g, respectively. These 
may be mainly due to a large amount of negative 
charge in biochar, which enhances the chemical 
adsorption ability to retain cations (e.g., NH4

+) and 
thus inhibit cation loss by leaching (Gai et al. 2014).

Leaching characteristics of NH4
+ from paddy 

soil as affected by biochar amendment. Noted 
that the greater NH4

+ losses occurred in the control 
treatment, which was mainly due to the fact that 
most of the leachate came from the 0–10 cm soil 
layer, while the rate of NH4

+ loss at this layer was 
significantly higher in control than other treatments 
during the first two weeks (Figure 5). Nonetheless, 
the leaching loss of NH4

+ from different soil layers of 
the control treatment was obviously lower than RSBC 
treatments at the end of the leaching experiment (42 
days). This suggested that more NH4

+ in the control 
treatment had been leached, which led to a decrease 
of soil NH4

+ availability. Similarly, some studies also 
showed that the cumulative leaching losses of soil 
NH4

+ from multi-layered soil columns were sub-
stantially reduced by biochar addition (Ding et al. 
2010). The reason may lie in the porous structure of 
biochar that reduces the NH4

+ transport due to the 
adsorption capability of biochar (Spokas et al. 2011, 
Kammann et al. 2015, Schmidt et al. 2015, Zhang et 
al. 2015). Our present adsorption experiments also 
suggested that RSBC has relatively high adsorption 
capacity and adsorption intensity to NH4

+ in soluti-
on. Therefore, NH4

+ could be absorbed by biochar, 
which led to an increase of residual NH4

+ content 
in the soil column (Figure 7). Although the cumu-
lative losses of NH4

+ from the soil column were less 
for 4% RSBC treatment than 2 % RSBC treatment, 
the cumulative losses of NH4

+ were higher for 6% 
RSBC treatment than other treatments with RSBC 
amendment. Excessive application of biochar would 
increase soil porosity but also increase the water 
storage capacity of the soil (Lu 2014, Nelissen et al. 

2015). In this study, indeed, the soil water content is 
higher for the treatments with 6% RSBC amendment 
than the treatments with 4% RSBC amendment, thus 
accelerating the dissolution of NH4

+ and flowed out 
with the liquid phase. Therefore, the cumulative 
nitrogen loss does not decrease with the increase of 
biochar addition from 4% RSBC to 6% RSBC.

The occurrence of the maximum NH4
+ concentra-

tion in the leachate was delayed with the decline of 
soil depth. This indicated that NH4

+ was sinking over 
time. At 10 cm depth, however, the NH4

+ content in 
the leachates decreased with the increase of RSBC 
addition on 1 day. It might be attributed to the strong 
adsorption capacity of RSBC to NH4

+, resulting in 
a decrease in the NH4

+ content of the soil liquid phase, 
and finally, the NH4

+ content in leachates decreased. 
The higher the amount of RSBC addition, the stronger 
the adsorption capacity of NH4

+ and the lower the 
content of NH4

+ in the leachates. With the continuous 
leaching, the content of NH4

+ of each treatment in 
the leachates gradually decreased on days 21 and 28, 
but the sequence of values was completely reversed. 
It was reported the biochar had both adsorption 
and desorption to NH4

+ (Zhang et al. 2015), and the 
desorption amount of NH4

+ was gradually larger 
than that of adsorption from day 21 to 28. In this 
experiment, NH4

+ had a dynamic equilibrium among 
solid phase, liquid phase, and biochar. There was also 
a dynamic equilibrium between the adsorption and 
desorption of NH4

+ by RSBC. With the leaching of 
NH4

+ in the liquid phase, the equilibrium content of 
the solid phase and the adsorption and desorption 
of RSBC changed. When NH4

+ in the liquid phase 
reduced to a certain degree, the reverse reaction 
occurred between the adsorption and desorption of 
the RSBC, and the desorption capacity was greater 
than that of the adsorption. Thus, RSBC released 
the adsorbed NH4

+ at the early stage, and the NH4
+ 

content in the leachates increased.
The NH4

+ content in the leachates was relatively 
stable for 0% RSBC from 28 days to 42 days at 10 cm 
soil depth but increased for 2, 4 and 6% RSBC. This 
may be mainly due to the fact that the desorption 
of NH4

+ by RSBC was greater than the adsorption 
capacity. With the continuous decrease of the con-
centration of NH4

+ in the soil liquid phase, as a result, 
a large amount of NH4

+ adsorbed by biochar in the 
early stage can be released, thus increasing the NH4

+ 
content in the leachates. After the experiment, the 
NH4

+ content in soil column and leachate at 10 cm 
and 20 cm soil depths were highest for the treatments 
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with 4% RSBC amendment. This means that there 
is an optimal amount of biochar for the adsorption 
capacity of soil NH4

+. The trend of NH4
+ content at 

20 cm soil depth was different from 10 cm depth on 
the first day of leaching. This was probably because 
of the downward migration and lateral diffusion of 
NH4

+ across the soil.
Compared with CK (0% RSBC amendment), the 

NH4
+ content leached from the soil column at 10 cm 

depth was decreased greatly during the first week of 
the experiment, while it increased obviously after the 
experiment, for the treatments with 2, 4 and 6% RSBC 
amendment (Figure 5). In addition, NH4

+ content in 
leachates from other soil depths for the biochar tre-
atments was higher than that of CK treatment at most 
sampling days (Figure 5). It was likely to be related to 
the dual characteristics of adsorption and desorption 
to soil NH4

+ by biochar (Ding et al. 2016). Compared 
with CK, the treatments with RSBC amendment in 
0–10 cm soil layer had a strong adsorption capacity 
for soil NH4

+ at the beginning of leaching, and more 
NH4

+ were retained in the soil. With the decrease of 
NH4

+ content in the leachate, the NH4
+ adsorbed by 

biochar was gradually released into the soil liquid phase. 
Therefore, the NH4

+ content in leachate for the RSBC 
treatments was higher than that of the CK after a while.

Combined with adsorption tests, we speculated 
that compared with CK, 2, 4 and 6% RSBC adsorbed 
NH4

+ at the early leaching period and released the 
adsorbed NH4

+ in the later stage of leaching. It was 
consistent with the adsorption and sustained release 
effects of biochar proposed by Ding et al. (2016). The 
addition of RSBC reduced the cumulative losses of 
NH4

+ in the leachates from soil columns, which was 
consistent with previous research results (Sika and 
Hardie 2013). 4% RSBC had the best effect in this 
experiment. Therefore, RSBC not only reduced the 
leaching of NH4

+ in soil but also had great potential 
as a slow-release fertiliser to achieve better manage-
ment of soil nutrients for maximum bioavailability 
(Ding et al .  2016), which played an important role 
in reducing agricultural nitrogen pollution.

Leaching characteristics of NO3
– from paddy soil 

as affected by biochar amendment. The NO3
– con-

tent decreased quickly in the leachates in 40 cm depth 
of soil column during the initial 7 days (Figure 8), 
and almost all of the cumulative losses of NO3

– in the 
leachates came from these days (Figure 9). This result 
suggested that the NO3

– retention by paddy soil and 
biochar is very weak. The Freundlich model in the 
adsorption experiment also showed that the sorption 

capacity and sorption intensity of NO3
– by biochar 

was lower than NH4
+. This may be mainly because the 

surface of soil particles and biochar usually carried 
negative charges so that it can inhibit the adsorption 
of anions (e.g., NO3

–). Therefore, soil NO3
– is easily 

lose downwards. Indeed, the soil NO3
– has been 

leached to the bottom layer before the leachate can 
be collected regardless of whether biochar was added 
or not. Therefore, the NO3

– content of leachates at 
40 cm depth was higher than other depths on the 
first day but decreased quickly in the leachates at 
this depth during the initial 7 days.

In the soil leaching experiment, RSBC immobilised 
less NO3

– than NH4
+ in soil, and NO3

– was leached 
out at the beginning of leaching. On the one hand, 
it was probably due to the difference of adsorption 
properties for NH4

+ and NO3
– by RSBC from the 

adsorption experiment. The sorption capacity and 
sorption intensity of NO3

– by biochar was weaker 
than that of NH4

+. On the other hand, denitrification 
converts a large amount of NO3

– into NO2
–, NO, N2O 

and N2 resulting in low NO3
– content in paddy soil 

under flooded conditions. In addition, the nega-
tive charge of biochar and soil repelled NO3

– in soil 
leaching experiment. Therefore, a large amount of 
NH4

+ was retained in the soil, and NO3
– was excluded 

from the soil. In conclusion, the cumulative loss of 
NO3

– was higher compared to NH4
+, and the content 

of the leaching solution and soil of NO3
– was lower 

than that of NH4
+.
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