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ABSTRACT

Biochar aging has attracted increasing attention for heavy metals removal from soils. Equilibrium
experiment and soil column leaching experiment were conducted to investigate the effect of wheat-
straw-derived biochar (BWS) and chicken-manure-derived biochar (BCM) at 650°C on the Cd(II)
adsorption in tea garden soils, and the feasibility of using biochar to remediate the Cd(II) contam-
inated tea garden soils was assessed. The results showed that the Cd(II) adsorption capacity in tea
garden soils increased with the application of biochar. Compared with no application, the Cd(II)
adsorption capacity increased by 10%-70% and 17.5%-95% in tea garden soils amended with BWS
and BCM by 0.1, 0.5, and 1 WT%, respectively. Compared with the application of fresh biochar, the
Cd(II) adsorption capacity of tea garden soils amended with the aged BWS and BCM decreased by
22% and 14%, respectively. The biochar application increased the pH value of soils leachate and
decreased the Cd(II) leaching loss in contaminated tea garden soils. Compared with the control, the
Cd(II) cumulative leaching amounts in tea garden soils amended with the BWS and BCM decreased
by 36.75% and 86.81%, respectively. These results suggest that the application of both types of biochar
significantly improves the soil buffering capability and the Cd(II) retention capacity in tea garden
soils, in which the effect of BCM is more obvious than biochar.
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1. Introduction

The situation of soil heavy metal pollution in China is
not optimistic. The soil cadmium exceeding the standard
rate was as high as 7.0% [1]. Lu et al. [2] reported that the
Cd(II) average value in tea garden soils in Rizhao City was
higher than that in eastern Shandong Province in China and
the accumulation trend was increasingly serious. Cao et al.
[3] revealed a potential ecological risk of Cd(II) in tea gar-
den soils at An’xi County in southeast China [3]. Therefore,
repairing or relieving heavy metal pollution in tea garden
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soil is of great significance for ensuring the safety of agricul-
tural products.

Biochar has the advantages of strong adsorption capac-
ity, wide material sources and low cost, and has become
a hot spot in soil pollution remediation research [4-6].
Numerous studies demonstrated that biochar application
could increase the pH of soil, causing heavy metal ions
in the soil to form carbonate or phosphate precipitation
[7,8]. At the same time, the surface of biochar could pro-
vide a large number of active adsorption sites through ion
exchange and cation-7t action to adsorb heavy metal ions,
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thereby reducing the plant availability of heavy metals in
the soil [7,9]. However, most of these studies were concen-
trated in solution systems or soil systems, rarely in contami-
nated soils under simulated rainfall conditions. In addition,
freeze-thaw and dry-wet alternation are common climatic
phenomena in northern China, and repeated changes in
hydrothermal conditions affect the physicochemical prop-
erties of environmental media such as soil [10,11]. A large
number of studies reported that with the prolongation
of biochar residence time in the soil, changes in ambient
temperature and humidity would cause a slow change in
the properties of biochar, affecting its ability to adsorb pol-
lutants [12,13]. In addition, most of the current studies are
limited to the short-term adsorption of pollutants in the
soil by aged biochar, while the long-term adsorption of
pollutants in the soil is less studied [14]. And the research
object only focused on biochar from single animal or plant
sources, but seldom reported the comparative study of
Cd(II) adsorption characteristics in the soil by choosing
biochar from two different animal and plant sources.

Rizhao City is located in the southeast of Shandong
Province in northern China. “Rizhao Green Tea” enjoys a
good reputation at home and abroad and has become the
pillar industry of Rizhao City. However, with the rapid
development of the tea industry, heavy metal pollution of tea
garden soil is becoming increasingly serious [15,16]. Wheat
straw and chicken manure, the raw material for biochar
preparation, are common agricultural solid wastes in north-
ern China. The objectives of this study is to investigate the
effect of biochars amendment (including types, application
ratios, and aging treatment) on Cd(II) adsorption in tea gar-
den soil by batch equilibrium experiments, and to explore
the feasibility of both types of biochars in remediation of
Cd(II)-contaminated tea garden soil by simulating the effects
of rainfall on the Cd(II) leaching in tea garden soil.

2. Materials and methods
2.1. Chemicals

All characterization studies were made in triplicate.

Shandong Province, China. The soil samples were air-dried,
amended and ground to pass a 2 mm sieve. The soil prop-
erties including pH value and organic matter (OM) content
were determined. The amount of soil OM was determined
by the potassium dichromate dilution heat colorimetric
method [17]. The pH value of the soil samples was measured
in a 1:10 solid:liquid ratio suspension using a combination
pH value electrode (PHS-3C, Shanghai, China). The basic
properties of the soils are listed in Table 1.

The biochar derived from wheat straw and chicken
manure are referred to as wheat straw biochar (labeled as
BWS) and chicken manure biochar (labeled as BCM), respec-
tively. Our previous studies found that the biochar prepared
by wheat straw and chicken manure at 650°C had the highest
adsorption capacity (39.65~41.53 mg g™) for Cd(Il) in solu-
tion at the different pyrolysis temperatures (350°C, 500°C,
and 650°C) [18]. Therefore, in this study, BWS and BCM at
650°C were selected as the tested objects.

Pyrolysis yield was calculated according to GB/T17664-
1999 (Wood charcoal and test method of wood charcoal).
Ash content was calculated according to GB/T12496.3-1999
(Test methods of wooden activated carbon—determination
of ash content). The pH value of the biochar was measured
according to GB/T12496.7-1999 (Test methods of wooden
activated carbon-determination of pH). The elemental C,
H, O, and N contents were determined with an elemental
analyzer. The properties of biochar are shown in Table 2.
No Cd(II) was detected in the leachate of the two types
of biochar. The tested biochar was screened by 0.15 mm,
thoroughly amended with the soil by 0.1, 0.5, and 1 WT%.
The blank soil was set as the control and labeled as CK1.
The soils amended with different proportions of both types
of biochar were recorded as BWS-X and BCM-X, X rep-
resents the amount of biochar applied.

Table 1
Basic properties of the soil

Soil sample Farmland soil

All chemical reagents were of analytical reagent grade. The pH value 6.06+0.03
stock solution of Cd(Il) was prepared with Cd(NO,),-4H,0 Organic matter (g kg™) 10.90 £ 2.4
and distilled deionized water. Available Fe (mg kg™) 68.70 +15.7
Available Mn (mg kg™) 30.10+9.25
2.2. Materials Total C (mg kg™) 18.30 +5.32
Total Cd (mg kg™) 1.43 £0.04
. The soilt was ci):lllec’ce(;ll .ffm ;he iu;fac,:[e]k}yer (;):20 cx(l;\? Total Pb (mg kg™) 2714 +0.12
of a green tea garden which is located at Jufeng Town o
35°19'46", E 119°1645"), Lanshan District, Rizhao City, _ol U (Mgke™) 3281008
Table 2
Yield, pH value, ash content and elemental composition of biochar
Samples Yield/% pH value Ash content/% Elemental composition/%
C N H o
BWS 32.14+0.21 9.86 +£0.12 229+0.3 58.5+0.32 0.09 +£0.01 1.77 £0.03 16.51£0.17
BCM 54.63 +0.13 10.21 £ 0.09 66.5+0.2 25.61 +0.45 0.68 +£0.02 0.72+0.01 6.44+0.13

BWS and BCM represent the BWS and BCM prepared at 650°C, respectively, the same below.
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2.3. Experimental methods
2.3.1. Aging experiment

The aging experiment was carried out with reference
to Miao [19] and a slight modification in a plastic box (no
cover, L = 30 cm, W =20 cm, H = 30 cm), which was filled
with 20 ecm high tea garden soil which had been collected
and untreated. The biochar samples were placed horizon-
tally in the middle of the soil layer with 200-mesh nylon
bags. Then the plastic boxes with different biochar sam-
ples were placed in the ZRQ-400 artificial climate chamber.
The freeze-thaw-wet-dry cyclic culture was performed in
the chamber, in which -20°C/5 d (40% humidity), 50°C/5 d
(40% humidity), 25°C/5 d (100% humidity), 25°C/5 d (20%
humidity) for 6 cycles of 120 d. After the aging treatment,
the biochar samples were taken out, dried at about 60°C,
and labeled as ABWS and ABCM, respectively. The aged
biochar was fully amended with the soil by 1 WT% and
the soil amended with the aged biochar was classified as
ABWS-1 and ABCM-1, respectively.

2.3.2. Isothermal adsorption experiment

Soil samples (1.0 g) of different treatments were placed
into a 100 mL centrifuge tube, then a 40 mL Cd(II) solu-
tion with a concentration of 5, 10, 15, 20, 30, and 40 mg L
was added. The pH of the soil solution was adjusted to 6.0.
The mixture was shaken at a rate of 200 rpm for 24 h and
centrifuged at 3,000 rpm for 10 min. The supernatant was
passed through a 0.45 pum acetate filter and diluted to a con-
stant volume. The Cd(II) concentration in the filtrate was
measured by an AA-7000 atomic absorption spectrophotom-
eter (Shimadzu Corporation, Japan).

2.3.3. Soil column leaching experiment

Cd(I) was added to the tested soil in the form of
Cd(NO,),4H,O to obtain cadmium contaminated soil, in
which the Cd(II) added amount is 1 mg kg™. The cadmium-
contaminated soil was naturally air-dried, passed through
2 mm sieves, and filled with pots of 400 g each. The tested
biochar was applied to the contaminated soil by 1 WT% and
thoroughly amended with the contaminated soil. The exper-
iment set blank soil as a control, labeled as CK2, and the con-
taminated soil applied with biochar was labeled as CBWS-1
and CBCM-1, respectively. The indoor soil culture method
was used to maintain the water content of the contami-
nated soil in about 60% of the field water holding capacity.
The deionized water was used to replenish the soil moisture
every other day, and the mixture was stably balanced for
two weeks at room temperature. The soil column leaching
experiment was carried out after natural air drying again.

The leaching method was referred to as Tian et al. [20]
with minor modifications. The leaching experiment was
performed in polyvinyl chloride plastic tubes (d = 5 cm and
h =25 cm). According to bulk density (1.28 g cm™) of the
tested soil, a soil column with a height of about 16 cm was
formed by loading 400 g soil into the leaching column. Filter
paper and 2 cm thick dry quartz sand were laid on the upper
and lower ends of the soil column to ensure the maintenance
of soil particles and the outflow of the solution, and evenly

distribute the leachate without being splashed out. When
filling the soil column, attention should be paid to compact
the soil at the edge of the soil column wall, to ensure no wall
seepage and avoid the edge effects as much as possible.

Before the start of leaching, 120 mL deionized water was
added to reach the maximum field water holding capacity.
The leaching test was started after the saturation of 24 h.
To get closer to the natural precipitation process, the inter-
mittent leaching method was used to make the soil have a
certain reaction time. The soil column was leached once
every 48 h and collected once, each time the leachate was
150 mL, and the controlled leaching rate was 3 mL min™
for 6 times. The leaching capacity was 900 mL (the annual
average rainfall of Rizhao area is 870 mm, according to the
cross-section of the soil column, the annual precipitation is
about 1.7 L, which is equivalent to the half annual average
rainfall). The pH value of the leachate and the Cd(II) content
in the leachate was determined.

2.4. Data analysis

According to formula (1), the Cd(II) adsorption amount
in different soil samples was calculated.

_jq-qu

q=-——"—""" o))
m

where g, (mg g™') is the Cd(II) equilibrium adsorption capac-
ity; C, (mg L) and C, (mg L™) are the Cd(II) concentration
at the initial time and adsorption equilibrium, respectively;
V (L) is the volume of the solution; m (g) is the soil mass.
The Cd(II) adsorption data on soil samples with different
biochars were analyzed by the Freundlich isotherm adsorp-
tion model. The equation of Freundlich is shown in Eq. (2).

g, =K. +C" (2)

where K, is the Freundlich model parameter, reflecting
the adsorption capacity of the adsorbent. The larger the K,
value, the greater the adsorption capacity. The 1/ is the non-
linear index, reflecting the characteristics of the adsorbent
adsorption site in the energy distribution. The smaller 1/n is
the stronger adsorption strength.

3. Results and discussion

3.1. Effect of biochar from different sources and its
application ratios on the Cd(II) adsorption

The fitting results of the Freundlich isotherm adsorption
model for the Cd(Il) adsorption are shown in Table 3 and
Fig. 1. As seen from Table 3, the Freundlich isotherm model
could well fit the Cd(II) adsorption (R? > 0.9528), indicating
that the Cd(II) adsorption was multi-layer adsorption on
heterogeneous surface, and the adsorption capacity would
continue to increase at high concentrations.

Table 3 showed that the application of the two types of
biochar could significantly increase the adsorption capacity
of tea garden soil for Cd(II), and the adsorption capac-
ity gradually increases with the increase of the biochar
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Fig. 1. Cd(II) adsorption isotherms in tea garden soils amended
with biochar.

Table 3
Freundlich parameters of the Cd(II) adsorption in tea garden
soils amended with biochar

Treatment K/(mg g™) (mg L™")-n 1/n R?

CK1 0.40 +0.02 0.53 +0.03 0.9901
BWS-0.1 0.44 +0.02 0.55 +0.03 0.9906
BWS-0.5 0.53 +£0.02 0.52 +0.02 0.9929
BWS-1 0.68 +0.02 0.43 +0.02 0.9917
ABWS-1 0.53 £0.01 0.53 +£0.02 0.9955
BCM-0.1 0.47 +£0.02 0.55+0.03 0.9903
BCM-0.5 0.60 +0.01 0.50 +0.01 0.9975
BCM-1 0.78 +£0.05 0.45 +0.06 0.9528
ABCM-1 0.67 +£0.01 0.51 +£0.01 0.9985

BWS-0.1, BWS-0.5, and BWS-1 represent the tea garden soils
amended with BWS by 0.1, 0.5, and 1 WT%, respectively; BCM-0.1,
BCM-0.5, and BCM-1 represent the tea garden soils amended with
BCM by 0.1, 0.5, and 1, respectively; ABWS-land ABCM-1 represent
the tea garden soils amended with aged BWS and BCM by 1 WT%.

application ratios. After applying different ratios (0.1, 0.5,
and 1 WT%) of wheat-straw-derived biochar (BWS) in tea
garden soil, its K, value increased from 0.40 to 0.44, 0.53
and 0.68, and its adsorption capacity for Cd(II) increased
by 10%, 32%, and 70%, respectively compared with CK1.
After applying different ratios (0.1, 0.5, and 1 WT%) of
chicken-manure-derived biochar (BCM) in tea garden soil,
its K, value increased from 0.40 to 0.47, 0.60 and 0.78, and
its adsorption capacity for Cd(Il) increased by 17.5%, 50%,
and 95%, respectively compared with CK1. In addition, the
increase of the Cd(II) adsorption capacity in tea garden soil
is closely related to the biochar type. The adsorption effect
of tea garden soil amended with BCM on Cd(Il) was better
than that of tea garden soil amended with an equal amount
of BWS, indicating that the biochar from livestock and poul-
try manure showed a more pronounced adsorption effect

on Cd(Il) than the biochar from plant residue. The biochar
prepared by different raw materials has different physico-
chemical properties such as elemental composition, pore
structure, and surface functional groups, etc. which affected
the adsorption of heavy metal ions by biochar [21-23].
Biochar could precipitate heavy metal ions in the soil by
forming carbonate or phosphate. The higher the pH value
of biochar, the stronger ability of adsorption and fixation
of heavy metal ions by precipitation [24,25]. In this study,
the reason why the adsorption capacity of the biochar from
livestock and poultry manure for Cd(Il) was better than that
of the biochar from plant residue might also be that its pH
value and ash content were higher than that of BWS (Table 1).

3.2. Effect of biochar aging on the Cd(II) adsorption

The Freundlich isotherm model can well fit the Cd(II)
adsorption isotherm on tea garden soil amended with aged
biochar (R? > 0.9955). The fitting parameters and curves are
shown in Table 3 and Fig. 2, respectively. As seen from Table
3, the Cd(II) adsorption capacity and intensity of tea garden
soils amended with 1 WT% aged biochar were significantly
lower than those with 1 WT% fresh biochar. Compared with
the tea garden soil amended with the fresh BWS, the K, value
with the aged biochar decreased from 0.68 to 0.53, and the
adsorption capacity decreased by 22%. The parameter 1/n
increased from 0.43 to 0.53, and the adsorption strength
decreased by 23%. Compared with the tea garden soil
amended with the fresh BCM, the K, value with the aged bio-
char decreased from 0.78 to 0.67, and the adsorption capac-
ity decreased by 14%. 1/n increased from 0.45 to 0.51, and
the adsorption strength decreased by 13%. The above results
indicated that the aging treatment affected the Cd(II) adsorp-
tion by the biochar type. In addition, the Cd(II) adsorption
capacity in the tea garden soil after the application of 1 WT%
aged BWS and BCM still increased by 32.5% and 67.5% com-
pared with that of CK1, respectively. As seen in Fig. 2, the
Cd(II) adsorption capacity in tea garden soil amended with
aged biochar was significantly higher than that in blank con-
trol soil.

The biochar surface inevitably undergoes biological
or abiotic degradation processes. The changes in surface
physicochemical properties based on biochar aging will
ineluctably affect its effect of adsorption and immobiliza-
tion on heavy metal pollutants in tea garden soil [26,27]. At
present, the mechanism of biochar aging has not been deter-
mined yet. In this study, the adsorption capacity of the two
types of biochar on Cd(II) decreased after aging treatment.
On the one hand, it may be due to the decrease of the pH
value and ash content of biochar during the aging process;
On the other hand, it can be attributed to the changes of
functional groups on the surface of biochar. The decrease of
aromatization degree and alkaline groups during the aging
process resulted in a decrease of its adsorption capacity
for Cd(II) [28]. Martin et al. [29] also demonstrated that
the aging process could cause partial breakage of biochar,
which may cause the biochar adsorption site to be blocked,
thus affecting its adsorption capacity for Cd(Il). In addition,
studies have shown that although the biochar aging caused
the changes in its surface properties and the decrease of
its stability, the stability of the remaining biochar in the
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Fig. 2. Cd(II) adsorption isotherms in tea garden soils amended
with aged biochar.

biochar particles would remain for a long time [30,31].
On the whole, although the adsorption capacity of the bio-
char for Cd(Il) was reduced after the aging process, the two
types of biochar can still be used as alternative amendments
for remediation of heavy metal contaminated soil, consid-
ering that they can remain stable in the soil for a long time
and can significantly improve the adsorption capacity of tea
garden soil for Cd(II).

3.3. Effect of biochar application on the pH of soil leachate

The changes in the pH value in soil leachate are shown
in Fig. 3 during the leaching process of the simulated rain-
fall. Compared with CK2, the biochar application could
significantly increase the pH value of soil leachate, indicating
that the biochar application could improve the buffering per-
formance of tea garden soil. The pH value of the leachate in
the CK2 and biochar-treated tea garden soil increased first,
reached the maximum value, and then decreased with an
increase of leaching times. At the 5th leaching, the pH value
of the leachate of CK2, CBWS-1, and CBCM-1 reached the
highest value, which of CK2 was 7.55, and which of CBWS-1
and CBCM-1 increased by 3.17% and 6.22%, respectively
compared with CK2.

This was mainly due to the biochar prepared by high-tem-
perature pyrolysis containing a large amount of alkaline ash,
and the K, Ca, Na, Mg and other ions in the ash were mostly
present in the form of the carbonate, which made the pH
value of the leachate increase. Furthermore, the pH value of
the leachate (deionized water) was higher, which made the
pH value of soil leachate rise in a certain range. However,
with the increase of leaching times, the salt-based ions in
tea garden soil were continuously leached out, and the soil
salinity saturation decreased, which made the pH value
of soil leachate begin to decline. In addition, the pH value of
soil leachate applied with BCM was higher than that of soil
leachate with BWS, which was due to the higher ash content
and pH value of BCM than BWS (Table 2), indicating that the

biochar from livestock and poultry manure had better effect
in alleviating soil acidity than that from plant residue.

3.4. Effect of biochar application on the Cd(Il) leaching

The Cd(II) leaching characteristics in the leachate of bio-
char-treated contaminated tea garden soil during the sim-
ulated rainfall are shown in Fig. 4, and the Cd(II) leaching
amount in the leachate is shown in Table 4. From the charts,
the Cd(II) leaching loss in the CK2 and the contaminated
soil treated with the two types of biochar was the highest
at the beginning of leaching, and the first leaching loss
accounted for 88.65%~92.23% of the cumulative leaching
loss. The Cd(II) leaching loss decreased rapidly in the second

8.5
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Leaching times

Fig. 3. Changes of pH with leaching times in leachate.

CD(1I) leaching amounts

Leaching times

Fig. 4. Cd(Il) leaching characteristics in the contaminated tea
garden soils amended with biochar.
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@ time, which was 88.83%~95.76% lower than the first leach-
5 ing loss. Then the leaching loss gradually decreased. In the
3 & & & y
g - e - CK2, no Cd(IT) was detected in the leachate at the 6th leach-
g NS ing, while no Cd(II) was detected in the leachate of the tea
glees garden soil treated with the two types of biochar at the 5th
=19 <S and 4th leaching, respectively. As for the cumulative leach-
S|+ Ao+ & resp ¥
Elw Q= ing loss, the biochar application reduced the Cd(II) leaching
§ § g g loss in contaminated tea gardens soil to varying degrees.
<|s oS o Compared with CK2, the Cd(II) cumulative leaching loss
in the contaminated tea garden soil treated with BWS and
— = BCM decreased by 36.75% and 86.81%, respectively. This
§ § § suggested that the biochar application could significantly
2cS2 improve the Cd(II) adsorption and fixation ability and
+HoHoH reduce the Cd(II) migration activity in tea garden soil. At the
§ § § same time, the application effect of the BCM on adsorbing
888 and fixing Cd(Il) in tea garden soil is better than that of the
wle e e BWS. This is consistent with the previous study [21].
Current studies have demonstrated that the biochar
0o o application in the soil increased the amount of adsorption
888 and non-linear adsorption, slowed the desorption of heav
=R =I=] P P y
S S S metal pollutants, reduced the mobility, bioavailability, and
A toxicity of heavy metal pollutants in the soil environment,
2388| = and lowed the heavy metal concentration in agricultural
~leolcc2 E products [32-34]. Biochar passivates and fixes heavy metal
oD © contaminants in the soil mainly through the following three
= 9] y g g
- %‘ ways: the first is electrostatic action. The electrostatic poten-
7::; =388|% tial of biochar itself is negative. After biochar applied to
CED ssg|g soil, the cation exchangeability of soil can be improved by
< ‘f; ?; < = increasing the negative charge groups on its surface, thus
— . .
%D 2%8| & increasing the electrostatic attraction between soil and heavy
5 =88 metals. As a result, heavy metals are firmly adsorbed on the
2 |Egglz Y Y
E Ylw|sS3|R soil surface, and their mobility decreases [35]. The second
g g is precipitation. The biochar is generally alkaline, and after
é o~ S applied to the soil, it will increase the pH value of the soil,
° S8z 8|= promote the precipitation reaction of heavy metal ions in the
S S S S| M . . .
2 S S 3| e soil, and produce insoluble metal oxides, metal phosphates,
g ?. ? ﬁ S and carbonates, etc. [36]; the third is cation-7t action, biochar
% g N g 3 has highly aromatic and heterocyclic structure. After applied
« 228 g to soil, its aromatic structure can act as an electron donor to
£ oo S o £ bond with heavy metal ions in the soil, thereby adsorbing
B % and fixing heavy metal ions and reducing their mobility [37].
3 INESASN
2 gag) g :
£ 28 38| s 4. Conclusion
o S S o &
5 HoHH | %P The application of BWS and BCM could significantly
50 ool § . . . .
s g b improve the adsorption capacity of the tea garden soil for
t 2388 2 Cd(I), and which increased with the increase of biochar
g5 SS3|¢E ol . o )
£ o g application ratios. In addition, the Cd(II) adsorption effect
é g in tea garden soil amended with BCM was significantly
el g better than that of the same amount of BWS. The Cd(II)
£ — o | S
g g8 < adsorption capacity and adsorption strength in the tea gar-
3 S8 ¢ P pacity P & &
Z SISIRS % den soil treated with the aged biochar decreased signifi-
‘@ N a. cantly. However, its adsorption capacity for Cd(II) was still
k= I 28| Y P pacity
g e85 significantly higher than that of tea garden soil without bio-
g “lgg2ls char. The biochar application increased the pH value of soils
So g leachate and decreased the Cd(II) leaching loss in contami-
E % nated tea garden soils. The application of both types of bio-
> ;‘:: - —| & char could significantly improve the buffering performance
<= | E ! A of tea garden soil and the Cd(II) retention ability, especially
%’ S § < E Rl=z the effect of the biochar from livestock and poultry manure
& 8 & VoOUlE was more obvious than the biochar from plant residue.
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