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� Activated biochar addition decreased
the aqueous concentrations of Cd in
sediment.

� Activated biochar showed excellent
performance in immobilization of Cd
in sediment.

� Activated biochar improved the pH
and the CEC of sediment.

� Activated biochar influenced bacte-
rial community diversity.
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Chemical activation and microwave assisted activation were adopted to modify biochar. Activated bio-
chars were characterized by SEM, BET, FTIR, XRD and XPS. Raw biochar, activated biochars and com-
mercial activated carbon were compared as remediation strategies for sediment from the Xiangjiang
River containing 14.70mg/kg Cd. After the treatment by activated biochar, the overlying water and pore
water concentration of Cd decreased by 71% and 49%, respectively. And the threat of heavy metal along
with bioavailability of Cd was depressed. Moreover, the immobilsation of Cd in sediment was related to
BET surface area and the content of oxygen containing functional groups of activated biochars.
Furthermore, a PCR-DGGE-based experiment was performed for the detection of microbial community.
The indigenous microbial community was affected and newmicrobial community appeared after treat by
activated biochar. Activated biochar can be used as an inexpensive and efficient in situ remediation
material of sediment containing metal.

© 2018 Published by Elsevier Ltd.
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1. Introduction

Cadmium (Cd) is known to be one of the most toxic heavy
metals due to its toxicity, persistence, and non-degradability in the
environment (Davutluoglu et al., 2011). Cd has a number of adverse
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effects on human health including damage to liver, lungs, bones
and can cause cancer as well as other fatal disorders (Khan et al.,
2017).

Sediments act as both metal carriers with the primary exchange
modes being adsorption or precipitation, and potential sources of
contaminants in the river (Yu, 2001; Davutluoglu et al., 2011).
Moreover, the heavy metals can be either adsorbed onto sediments
or accumulated by benthic organisms to a toxic level (Yu, 2001). In
the south of China, non-ferrous metals are found in the middle and
lower reaches of the Xiangjiang River (the largest river in Hunan)
(Mao et al., 2012), due to the rapid development of metallurgical
industry, mining activities and sewage irrigation (Xu et al., 2012).
For example, the average Cd in the sediment of Xiangjiang is up to
19.42mg/kg, which has been affecting around 43 million people in
this drainage area (Zhang et al., 2015). Therefore, it is urgent to
remove Cd from contaminated sediment.

In situ remediation of sediments polluted by heavy metal using
materials with high adsorption capacity has become a common
method due to low cost, simple operation, and less impact on
natural hydrological conditions (Song et al., 2017b). A large number
of advanced materials have shown their advantages for pollution
remediation, such as silver nanoparticles (Das et al., 2012), zero-
valent iron (Toma�sevi�c et al., 2014) and carbonaceous nano-
composites (Zhang et al., 2016). However, their high cost and
complicated process limited their application.

Biochar is more cost-effective compared to the above materials.
Biochar has attracted widespread attention in the remediation of
heavy metal pollution in soil and sediment, because of its potential
use as a soil amendment to improve soil and sediment quality and
immobilization of metal, such as Cu(II), Pb(II) and Cd(II) (Jiang et al.,
2012; Sun et al., 2012; Cui et al., 2016). Biochar has been universally
applied due to their physical/chemical surface characteristics such
as extensive surface area and well-developed pore structure and
more environmentally and economically viable (Jiang et al., 2012;
Sun et al., 2012; Liu et al., 2017; Zeng et al., 2018). Previous studies
showed that biochar had strong sorption to remove Cd. And bio-
chars can contribute to Cd sorption by electrostatic reaction, ion
exchange, surface complexation and precipitation (Qi et al., 2017).
In addition, recent studies have highlighted that biochar play an
important role in immobilizing heavy metals due to their highly
porous structure, active functional groups and generally high pH
and CEC (Zhang et al., 2013).

Moreover, additional treatment can be used to enhance
adsorption ability of biochar (Mahmoud et al., 2012). Chemical
activation was applied to activate biochar with chemical reagents
such as ZnCl2, KOH, and H3PO4, which showed significant
improvement in the physicochemical properties of biochar (Tan
et al., 2017). Chemical activation could remove of impurities on
the surface of biochar to improve the pore properties of biochar,
and introduce or increase many functional groups onto the surface
of biochar (Mahmoud et al., 2012; Qian and Chen, 2014; Tan et al.,
2017). Microwave-assisted heating is an attractive technique that
offers internal and volumetric heating as compared to conventional
heating, which cause different pore structure and surface area
(Ahmed and Billah, 2016). Modified biochar has good application in
the removal of pollutants in water, but few researches have been
done on using modified biochar for repairing sediment. In this
study, we adopted two methods (chemical activation and micro-
wave assisted activation) at the same time to gain biochar with
more excellent performance in remediation of sediment Cd
pollution.

This sediment remediation by different carbonaceous materials
aims at improving the stabilization of heavymetals in sediments by
reducing their mobility, bioavailability, and toxicity with
adsorbents (Song et al., 2017b). The primary principle of the
immobilization of heavymetals is to change their form and tomake
them less available to sediment organisms (Wang et al., 2014). BCR
(European Community Bureau of Reference) sequential extraction
method was greatly associates with the transportation and mobi-
lization of the heavy metals in sediment. Toxicity Characteristic
Leaching Procedure (TCLP) (based on USEPA 1311) was also carried
out to evaluate themobility of heavymetals in the specimens (Shen
et al., 2017).

A successful immobilization remediation technique must to
decrease of the bioavailability of heavy metals. And microbial
communities can directly address biological availability and toxicity
of heavy metals (Kumpiene et al., 2006). Recent study show that
enzymes activities and bacterial community diversity increased
during the metal Cd immobilization in contaminated river sedi-
ments (Huang et al., 2016). However, some researches indicated
that indigenous microbes could be affected by biochar either
directly or indirectly via changing the physicochemical properties
and heavy metals of sediment (Huang et al., 2017). In this study, we
performed 16S rRNA sequencing and polymerase chain reaction
denaturing gradient gel electrophoresis (PCR-DGGE) to analyse the
bacterial taxonomic composition in sediments.

The objectives of this study were to: 1) review the characteris-
tics of different chemical activated biochars to better understand its
efficiency in sediment remediation; 2) investigate the effectiveness
of properties of activated biochars on Cd concentration in sediment
pore waters and sediment overlying water; 3) carry out in situ
remediation of sediments contaminated by cadmium with raw
biochar, different chemical activated biochars and commercial
activated carbon, respectively; 4) study the effect of sediment mi-
crobial community abundance by different carbonaceous materials.

2. Materials and methods

2.1. Preparation of adsorbent

The raw rice husk biochar (RHB) used in this study was supplied
by Wo le biological technology co., Ltd, Beijing where RHB was
produced by fast pyrolysis of 5e10 s at 500 �C. The RHB was oven
dried at 80 �C for 24 h and crushed to pass through a 0.3mm sieve.
Commercial activated carbon (AC) was purchased from Sinopharm
Chemical Reagent Co. Ltd., China.

Activated biochar was prepared from RHB by a simple process
that involved with H3PO4, HNO3, H2SO4, H2O2 and ZnCl2 treatment
followed by microwave-assisted heating, respectively. 5 g of RHB
and 20mL of 2mol/L activation solution was mixed in a 100mL
Erlenmeyer flask and then it was shaken in a temperature
controlled shaker (SHZ-88, Shanghai) at 170 rpm at 25 �C for 24 h.
Then, the mixtures were moved into the microwave digestion tank
and subjected to microwave treatment under microwave powers of
600W in the microwave reactor for 10min. The product was been
washed several times with deionized water and was dried in the
oven at 80 �C. Activated biochar prepared from different modified
reagents were labeled as PAB (H3PO4), NAB (HNO3), SAB (H2SO4),
OAB (H2O2) and ZAB (ZnCl2). The commercial activated carbon (AC)
and raw biochar (RHB) were also purchased as adsorbent for
comparison.

2.2. Characterization methods

The BrunauereEmmetteTeller (BET) specific surface area of the
samples was characterized by automatic surface analyzer (Quan-
tachrome, USA). Scanning electron microscopy (SEM) (Hitachi S-
4800, Japan) images were used to determine the structure and
morphology of r all biochars we prepared. The Fourier transform
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infrared (FTIR) spectra were recorded on a Nicolet 6700 spectro-
photometer. The X-ray diffraction (XRD) pattern was performed
with a Bruker D8-Advance X-ray diffractometer (Bruker, German).
The elemental composition of the samples was examined using an
ESCALAB 250Xi X-ray Photoelectron Spectrometer (XPS) (Thermo
Fisher, USA). The concentration of Cd was analyzed by ICP-OES
(PerkinElmer Optima 5300DV).

2.3. Sediment-activated carbon contact

Xiangjiang River sediment was contacted with the above
carbonaceous material dose of 2% dry sediment mass for up to 3
months. Wet sediment, equivalent to 50 g dry mass, was placed in
100mL screw mouth bottle, followed by and 60mL of deionized
water and standing for 24 h. Then, dose of 2% dry sediment mass
(1 g) of RHB, different active biochar (total 5 species) and com-
mercial activated carbon added to the bottle, respectively. An
identical bottle was prepared without the carbonaceous material.
Bottles shook up andwere stored in an artificial climate box at 20 �C
in the dark to analysis.

2.4. The solid and liquid equilibrium concentration

After biochar sediment cultivating 3 months, the overlying
water was obtained from the top of sediment and filtered through a
0.45 mm glass fiber filter. And, the concentration of Cd in overlying
water (COW) was analyzed by ICP-OES. After removing the overlying
water, sediment samples were centrifuged at 4000 r/min for 15min
and the pore water was recovered from each sediment sample. The
pore water was then filtered to remove particulate matter before
being determination of Cd concentration (CPW) by ICP-OES. All
centrifuged sediment samples were removed from the bottle and
were freeze-dried for 48 h. Then, all dry sediment samples ground
to pass through a 60-mesh sieve and were reserved at 4 �C for
subsequent analysis.

To determine the amount of Cd of the solid part of sediment, the
dry sediment samples were processed by three acids digestion
method. 1.0 g dry sediment samples weighed into dried boiling
tubes and added in 5mL HNO3, 5mL HF and 3mL HClO4 and the
mixture was thermal decomposed by graphite digestion apparatus.
The heating procedurewas set as following: 90 �C for 40min,160 �C
for 60min and 170 �C for 40min. About 1mL light green liquid was
created when the digestion produce finished and removed the
liquid sample after cooling down. Then, the liquid sample was
dissolved by 5% HNO3 to a volume of 10mL for being determination
of Cd concentration.

2.5. The sequential extraction procedure

The BCR sequential extraction method was applied for metal
partitioning (Jiang et al., 2012). In the procedure, metals were
classified into four fractions defined as acid soluble (step1) reduc-
ible (step 2), oxidizable (step 3) and residual (not speciated during
Table 1
The modified BCR 3- step sequential extraction procedure.

Step (Fraction) Reagent(s)

1 (acid soluble) 0.11mol/L CH3COOH
2 (Reducible) 0.5mol/L NH2OH$HCl and 0.05mol/L HNO3

3 (Oxidizable) 8.8mol/L H2O2 followed by 1.0mol/L CH3COONH4 (adjusted to
with HNO3)

(Residual)a three acid digestion method (HNO3, HF and HClO4)

a Digestion of residual material is not a specification of the BCR protocol.
the BCR procedure). The exchangeable and acid soluble fraction
presents the loosely bound, labile or exchangeable metals that can
be released by merely changing the ionic strength of the medium
(Davutluoglu et al., 2011). The extractants that used in each step
and the sediment fractions targeted are summarized in Table 1. The
procedure was conducted by the extraction of 0.5 g of dried sedi-
ment sample in 50mL centrifuge tubes.

Following each extraction, the mixtures were centrifuged at
4000 r/min for 15min; the supernatant was decanted and stored in
clean centrifuge tubes at 4 �C until analysis. The residue from each
extraction step was washed with 20mL deionized water and me-
chanically shaken for 15min at 180 r/min. After shaking, the res-
idue was centrifuged at 4000 r/min for 15min and the supernatant
was discarded.

2.6. Toxicity characteristic leaching procedure (TCLP)

The toxicity characteristic leaching procedure (TCLP) was per-
formed following U.S. EPA Method 1311 to determine the leach-
ability of Cd in the sediment (Shen et al., 2017). The extraction fluid
was prepared by diluting 5.7mL CH3COOH with 500mL ultrapure
water before added 64.3mL NaOH (1mol/L) to a volume of
1000mL, using 1mol/L HNO3 to achieve pH¼ 4.93± 0.05. Mixed
40mL extraction fluid with 2 g sediment in a 50mL centrifuge tube
and shook it (190 r/min) for 19 h at 25 �C. Then the tube was
centrifuged at 4000 r/min for 15min, the supernatant was filtered
for subsequent analysis.

2.7. Determination of bacterial community

Total genome DNA from samples was extracted using CTAB/SDS
method. Then, DNA concentration and purity was monitored on
agarose gels. 16S rRNA genes were amplified used the specific
primer with the barcode. All PCR reactions were carried out in 30 mL
reactions with 15 mL of Phusion® High-Fidelity PCR Master Mix
(New England Biolabs); 0.2 mmol/L of forward and reverse primers,
and about 10 ng template DNA. Thermal cycling consisted of initial
denaturation at 98 �C for 1min, followed by 30 cycles of denatur-
ation at 98 �C for 10 s, annealing at 50 �C for 30 s, and elongation at
72 �C for 30 s. Finally 72 �C for 5min (Wang et al., 2007).

PCR Products were through quantification, qualification, mixing
and purification. Then, Sequencing libraries were generated using
TruSeq® DNA PCR-Free Sample Preparation Kit following manu-
facturer's recommendations and index codes were added and the
library was sequenced on an Illumina HiSeq 2500 and 250 bp
paired-end reads were generated (Mago�c and Salzberg, 2011).

3. Results and discussion

3.1. Characterization of adsorbent

The chemical and physicochemical properties of the different
activated biochars are shown in Table 2. From Table 2, the hydrogen
Procedure(s)

40mL CH3COOH þ 1 g sample shaken at 250 rpm for 16 h
40mL NH2OH$HCl and HNO3 þ residue from step1 and shaken at
250 rpm for 16 h

pH 2 10mL H2O2 þ residue from step2 at 85 �C till almost dryness; 25 mL
CH3COONH4 shaken at 250 rpm for 16 h
As described in Pseudo-total metal digestion



Table 2
Physico-chemical characteristics of activated biochars.

Biochar Elemental composition (%, mass based) Atomic ratios BET surface area (m2/g)

C H O N O/C H/C (N þ O)/C

RHB 52.99 3.59 15.08 0.52 0.21 0.81 0.22 1.72
SAB 46.60 3.97 22.23 0.45 0.36 1.02 0.37 22.73
PAB 47.06 3.85 21.48 0.52 0.34 0.98 0.35 45.16
ZAB 44.46 3.66 22.92 0.56 0.39 0.99 0.40 31.30
NAB 41.75 3.31 20.57 1.91 0.37 1.00 0.41 66.00
OAB 44.80 3.66 25.73 0.57 0.43 0.98 0.44 11.50
AC 80.08 2.95 16.06 0.53 0.15 0.44 0.16 1589.97
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and nitrogen content of activated biochars did not change signifi-
cantly comparing to RHB. And the difference of contents of H be-
tween activated biochars is not significant. Biochar activated by
HNO3 (NAB) had the highest surface nitrogen content (1.91%), while
the other activated biochars did not change significantly. However,
the contents of C in activated biochars decreased, which indicated
that the carbon in biochar was loosed by reacting with different
modified reagents. Moreover, the contents of O in activated bio-
chars were significant increased, which showed that the modifi-
cation treatment introduced oxygen-containing functional groups
and improve the content of functional group in the surface of bio-
chars. This phenomenonwas already reported by others researches
(Xue et al., 2012; Qian and Chen, 2014).

The modification treatment with different modified reagents
also has a greater impact in the specific surface area of the RHB. BET
surface areas of activated biochars are dramatically increased
compared with the RHB. The specific surface area size of active
biochars was in the following order: HNO3 activated biochar
(NAB)>H3PO4 activated biochar (PAB)> ZnCl2 activated biochar
(ZAB)>H2SO4 activated biochar (SAB)>H2O2 activated biochar
(NAB), increased to 38, 26, 18, 13 and 6 times than the raw rice husk
biochar (RHB). Thus, activation of modified reagents can effectively
improve the specific surface area of biochar, even contribute to
improve the ability of biochar in remediation of sediment pollution.

The textural structure examination can be undertaken by
observation of the scanning electron microscopy (SEM) images in
Fig. 1. Many new and bigger pore structures were distributed on the
surface of activated biochars after modification. The surface of RHB
contains a large amount of ash and mineral components, blocking
the pores of rice husk biochar, which could make it getting a weak
pore structure. Chemical activation modification significantly im-
proves the pore structure of biochar, which was proved by the BET
surface areas analyzing. After modification treatment, the impu-
rities blocking the pores of biochar were removed, thus the original
pores of biochar were opened. At the same time, these modifiers
react with the surface and pores of biochar, make the original pores
larger and produce new microporous and mesoporous (Tan et al.,
2016).

The FTIR spectra of rice husk biochar and their chemical acti-
vated samples are presented in Fig. 1g. Same as rice husk biochar,
the absorption bands of all chemical activated samples existed
below the absorption peak, which represented the existence of
different functional groups: OH (3426 cm�1), eCH2- (2948 cm�1

and 1434 cm�1), C]O (1631 cm�1), aromatic COe and phenolic
eOH groups (1270 cm�1), CeO (1101 cm�1) and aromatic CH
(831 cm�1). The presence of these absorption bands explained that
biochar contains a lot of reactive functional groups such as carboxyl
and hydroxyl groups. After different modification, there are
different levels of enhancement in some band intensities such as:
1270 cm�1 (eOH groups), 1631 cm�1 (C]O), 1101 cm�1 (CeO) and
1270 cm�1 (aromatic COe and phenolic eOH groups). This phe-
nomenon indicated that these activationmodifications increase the
oxygen-containing functional groups on the biochar, which can
provide more sites for metal binding. The improvement of these
surface chemical properties was conducive to biochar to play its
role of heavy metal pollution remediation. Among them, the acti-
vation of H2O2 (OAB) is the most significant, and its treated biochar
contains more active functional groups. These effects are similar to
previous studies. H2O2 was used to modify peanut hull biochar. The
results showed that H2O2 modification increased the oxygen-
containing functional groups on the surface of biochar, particu-
larly carboxyl groups (Xue et al., 2012). HNO3/H2SO4 oxidation
introduced carboxyl functional groups on the surface of biochar,
which served as additional binding sites for metal (Qian and Chen,
2014).

The XRD patterns of all kinds of materials are shown in Fig. 1h.
When biochar was activated by H2O2, ZnCl2 and H3PO4, the XRD
patterns displayed a new diffraction peak at 26.5� corresponding to
the (002) planes of graphitic carbon (Hu et al., 2017). However,
other activated biochar did not form new obvious crystal structure.

XPS analysis was performed on RHB, AC and all chemical acti-
vated biochars, which further confirmed the change in surface
properties of biochars with chemical modification. The C1s and O1s
spectra are summarized in Table 3. Table 3 showed the binding
energy and percentage of the three peaks for RHB, including 90.97%
of CeC at 284.8 eV, 6.76% of OeCeO at 286.4 eV and 2.25% of
eCOOR at 288.7 eV (Qian and Chen, 2014).When RHBwasmodified
by chemical reagent, the percentage of OeCeO and eCOOR
increased obviously, while the amount of CeC decreased, which
suggested that more oxygen-containing functional groups is
generated on the surface of activated biochar compared to RHB.
Moreover, a new peak appeared at the binding energy at ~285 eV
after activation treatment, which can be attributed to CeO (Liu
et al., 2017). Three peaks were observed on the binding energy
O1s region. According to the XPS database of Thermo Scientific, the
binding energy of O1s at 530.8 eV can be assigned to eOH, at
531.9 eV to C]O, and at 533.2 eV to COO (Li et al., 2017b). After
modified, the molar ratio of the COO increased and the C]O
reduced. These changes indicated the change trend of oxygen-
containing functional groups.
3.2. Cd concentration in sediment water environment

Cd concentration of overlying water (COW) in sediment reme-
died by different activated biochars is shown in Fig. 2a. From Fig. 2a,
different carbonaceous materials reduced the concentration of Cd
in sediment overlying water significantly. Compared to RHB
remediation, Cd concentration in overlying water declined in
varying degrees after it was removed by different activated bio-
chars. This phenomenon indicated that activated biochars can
effectively increase the sediment adsorption ability of heavy
metals, sequentially reduce the migration of heavy metals in sedi-
ments to overlying water. NAB, OAB and ZAB observably enhanced
the ability of sediment to fix Cd compare to PAB and SAB. The



Fig. 1. SEM photograph of different activated biochars: (a) RHB, (b) SAB, (c) PAB, (d) NAB, (e) OAB, and (f) ZAB; (g) FT-IR spectrum and (h) XRD of different activated biochars.

Table 3
Fitted results of C1s and O1s XPS spectra of biochars.

C1s O1s

Assignment (%) CeC CeO OeCeO eCOOR eOH C¼O COO
Peak BE (eV) 284.80 285.10 286.40 288.70 530.80 531 .90 533.20
RHB 97.97 0 6.76 2.25 8.66 39.09 52.25
SAB 35.37 38.69 19.87 5.70 19.52 21.09 59.39
PAB 30.94 41.66 20.87 6.52 8.10 25.08 66.81
NAB 35.31 31.85 20.71 12.31 22.07 17.82 60.11
OAB 34.14 37.80 21.44 7.14 5.07 21.66 73.26
ZAB 35.46 37.86 20.61 6.05 5.29 27.03 67.69
AC 44.64 18.91 27.01 9.43 21.39 25.56 53.05
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restoration effect of H2O2 and ZnCl2 activated biochar was most
obvious and Cd concentration in sediment overlying water was
reduced by 71% and 58% than that of RHB, respectively. In addition,
the concentration of Cd in the overlying water decreased by 66%



Fig. 2. Cd concentration in overlying water (a) and pore water (d) of sediment under treatment of different activated biochars; (b), (c), (d) and (f) were correlation between heavy
metal concentration in aqueous phase of sediment and properties of activated biochars.
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under the action of commercial activated carbon (AC), which
showed that the restoration effect of OAB and ZAB was equivalent
to AC.

From Fig. 2d, Cd concentration in sediment pore water (CPW)
was also significantly reduced after the addition of different
carbonaceousmaterials. The Cd concentration in porewater treated
by different activated biochars was in the following order:
RHB> PAB> SAB>NAB>OAB> ZAB, which indicated that the
choice of activated agent was crucial to the performance of biochar.
The restoration effect of OAB and ZAB in pore water were most
obvious, whichwas similar to the overlyingwater. Cd concentration
in sediment pore water of OAB and ZAB samples was reduced by
42% and 49% than that of RHB respectively, while that decreased by
70% under the action of commercial activated carbon (AC). The
remediation of activated biochar on sediment pore water is slightly
lower than AC, but compared to commercial activated carbon,
activated biochar has higher economic benefits.

Correlation between Cd concentration in aqueous phase of
sediment and properties of activated biochars (O/C mole ratio and
BET surface area) was shown in Fig. 2. Fig. 2 illustrates that the O/C
molar ratio and the specific surface area of the biochar increase
after the activated modification. This phenomenon indicated that
the activated modification significantly improved the surface
functional group content and the pore structure of the biochar,
which was the main reason for improving adsorption capacity of
heavy metals on sediment. From Fig. 2b and e, both Cd concen-
trations in aqueous phase of sediment (overlying water and pore
water) decreased significantly with the increase of O/C molar ratio
of biochar, indicating that the surface chemical properties of bio-
char are important factors in sediment remediation. From Fig. 2c
and d Cd concentrations in aqueous phase of sediment treated by
RHB, SAB, PAB and NAB decreased significantly with the increase of
BET surface area of biochar. However, OAB and ZAB samples were
not in the trendcy. Both these two kinds of activated biochar have
lower BET surface area than other biochar, and the concentrations
of Cd in overlying water and pore water are relatively low. This
phenomenon was mainly because the higher O/C molar ratio and
surface functional group were included by the two biochars. And
the surface oxygen-containing functional groups specifically refer
to C]O and COO, from Table 3 and XPS analyzing. The activated
biochars introduced oxygen-containing functional groups and
improved the content of functional group and the specific surface
area of biochar, which were conducive to biochar to remediation of
Cd.
3.3. Chemical speciation of Cd in sediment

BCR procedure divides Cd into four species: acid soluble frac-
tion, reducible fraction, oxidizable fraction and residual fraction.
Acid soluble fraction and reducible fraction can be easily leached
into environment and result in a direct damage to the organisms,
while oxidizable fraction showing a potential eco-toxicity to the
organisms (Wan et al., 2016). And residual fraction is universally
accepted as the most stable fraction and almost unreactive under a
wide range of natural conditions (Saeedi et al., 2013). The chemical
speciation distribution of Cd estimated by BCR procedure in
different activated biochars treated and non-treated sediment were
shown in Fig. 3a.

Cd was mainly bound to acid soluble fraction (approximate
74.6%) in the original sediment while the reducible and residual
occupied 24.68% and 0.74%, respectively. Oxidizable fraction of Cd
in the original sediment accounts for a so small proportion that its
content below the minimum detectable line. Acid soluble fraction
and reducible fraction, which two were considered to be the most
weakly bound fraction of Cd and had direct toxicity to the organ-
isms (Min, 2013), showed decrease after RHB treated sample and all
different activated biochars treated samples. As the core structure
of biochar was recalcitrant, the complexes that produced by the
interaction between heavy metal ions and biochar were expected
to be more stable than other complexes that formed with heavy
metal and other organic matters (Namgay et al., 2010), resulting in
the lower percentage of acid soluble fraction and reducible fraction
of Cd in sediment amended with RHB and modified biochar.
Additionally, from the comparison between RHB and activated
biochars, we can see that all activated biochars treated samples
performed better than RHB treated sample. Acid soluble fraction of
Cd after different activated biochars treated was sorted by size as
follows: RHB> PAB> SAB>NAB>OAB> ZAB, which was almost



Fig. 3. (a) Fraction of Cd in sediment determined by BCR sequential extraction of sediment after treatment of activated biochars; (b) Cd concentrations in TCLP leachates of sediment
after treatment of activated biochars; (c) CEC and pH of sediment after treatment of activated biochars.
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same with Cd concentration in pore water. The fixing of Cd in
sediment by OAB and ZAB are the most significant.

The content of residual fraction in the original sediment was
little and oxidizable fraction of Cd in the original sediment was not
detected, which may be caused by the low content of organic
matters and weak Cd binding capacity of soil (Wang et al., 2017).
The percentages of residual fraction in sediment increased in the
groups amended with RHB and different activated biochars. There
were plentiful adsorption sites and organic functional groups on
the surface of biochar, such as carboxylic and phenolic functional
groups that could interact with heavy metals in soil (Cheng et al.,
2008). A more sizable increase of residual fraction in sediment
was observed in NAB, ZAB and OAB treated samples than RHB
treated samples when treated at the same ratio, indicating that
activated modification biochar had a better effect on Cd immobi-
lization. This phenomenon can be attributed to that there are more
organic functional groups on the surface of NAB, ZAB and OAB than
other biochars, which can be demonstrated by their O/C mole ratio
in Table 2 and XPS analyzing.

The change of chemical speciation of Cd indicated that there
were more acid soluble fraction that was transformed into residual
fraction than reducible fraction and oxidizable fraction. Recent
research determined that electrostatic reaction was contributed to
Cd adsorption of biochars (Namgay et al., 2010) and the mineral
components of biochars can work as additional sorption sites for
metals through electrostatic reaction and ion exchange (Li et al.,
2017a). Cd in acid soluble fraction can be easily released to the
environment and converted into free ions, and then the Cd was
readily to combine with biochar by electrostatic reaction and sub-
sequently formed the complexes, which caused the reduction of
acid soluble fraction and the increase of residual fraction.

In addition, commercial activated carbon (AC) biochar did not
show a clear advantage on Cd immobilization compared to acti-
vated biochar (OAC and ZAC). Considering the economic benefit,
OAB and ZAB can be used as a potential adsorbent to replace
commercial activated carbon, used in-situ remediation of heavy
metals contaminated sediment.

3.4. TCLP leachability of Cd

The effectiveness of Cd immobilization can be evaluated by
determining the availability of Cd based on Toxicity Characteristic
Leaching Procedure (TCLP) in a naturally contaminated soil (Lu
et al., 2014). TCLP contained extractable Cd in sediment that was
removed by different carbon materials is shown in Fig. 3b.

Concentrations of TCLP-extractable Cd in sediment decreased
significantly after amended with RHB and different activated bio-
chars. The OAB and ZAB treatment had the greatest decrease in
extractable Cd, causing the concentration of TCLP-extractable Cd
reduced by 12% and 18%, respectively. The data, which was
amended only across three months, was not excellent compared to
other research which had lowered the levels of TCLP extractable Cd
to 61.61% after biochar amendment across three years (Li et al.,
2016). The phenomenon can be explained by that unlike the fast
adsorption of heavy metals by biochar in aqueous solution (Inyang
et al., 2016), which was in accordance with the previous research
(Shen et al., 2017). The immobilization of heavy metals to sediment
by biochar was a slowly developed process, which indicated that
activated biochars can get better effect on immobilization Cd in
long-time remediation. In addition, commercial activated carbon
lowered the levels of TCLP extractable Cd to 23%, which approxi-
mately quite effect to immobilization of heavy metals in sediment
with ZAB. Therefore, ZnCl2 activated biochar can be used as a po-
tential material in in-situ remediation.

3.5. pH and CEC

The pH value, which is under the influence of organic matter
and carbon dioxide in the sediment, is a basic parameter when
analyzing the characteristics of sediment (Song et al., 2017a). From
Fig. 3c, the pH value was increased after treated by RHB and
different activated biochars. The result indicated that biochar was
beneficial to immobilization of heavy metals, because higher pH
favored metal precipitation and simultaneously decreased the
metal solubility (Song et al., 2017a). Moreover, the pH of activated
biochars treated sediments was lower than RHB treated sediments.
Because alkaline substances in biochar derived from base cations
(primarily Ca, Mg, K, Na) in biomass which were transformed into
oxides, hydroxides and carbonates (e.g. ash) during pyrolysis (Van
Zwieten et al., 2009; Yuan et al., 2011), and the alkaline sub-
stances was washed during chemical activated modification.

Higher CEC favors stabilization of heavy metals in soil and
sediment (Bache, 1976). Heavy metals can exchange with Kþ, Naþ,
Ca2þ, Mg2þ, and other cations, finally being co-precipitated or
forming complexes with humic matters (Song et al., 2017a). Fig. 3c
showed that the CEC of sediment increased after using different
carbonaceous materials as amendments, due to biochars can cause
large cation exchange on themselves (Zhang et al., 2014). In addi-
tion, the oxidation of surface functional groups on biochar also
contributed to the CEC increase of the amended sediment
(Atkinson et al., 2010), because oxidation of surface functional
groups can increase charge density per unit surface of biochar and
surface area for cation adsorption after the oxidation process (Singh
et al., 2014). Therefore, the CEC of the sediment treated by RHB was
lower than the sediment treated by SAB, OAB and ZAB that content
more oxidation of surface functional groups. Moreover, the lower of
pH can cause the decrease of negative charges of sediment, sub-
sequently caused nutrients loss and CEC reduction as cations were
disproportionately replaced with Hþ (Sharma et al., 2015). There-
fore, the CEC of the sediment treated by H2SO3, H3PO4 and HNO3
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activated biochars was lower than the sediment treated by OAB and
ZAB whose value of pH were higher. Besides, it is obvious that the
CEC of OAB and ZAB treated sediment is superior to AC treated
sediment.
3.6. Effects on indigenous microbial community abundance

To elucidate the effect of different carbon materials on indige-
nous microbial community abundance, we performed 16S rRNA
sequencing to analyse the bacterial taxonomic composition in
sediments. In Fig. 4, hierarchical cluster analysis showed the re-
sponses of top 35 genera (relative abundance> 0.1%, A) to biochar
amendment in the sediment slurries at the end of 3-month
experiment.

Fig. 4 shows that Candidates_Solibacter, Bacillus, Fonticella, Gra-
cilibacter, Phenylobacterium, Desulfovirga, Desulfurispora and Lenti-
microbium were the most dominant in the non-treated sediment.
After treated by different carbon materials, the original strains of
Fig. 4. Hierarchically clustered heat map analysis of the highly represented bacter
dominant species disappear and some new dominants were
formed. With the AC addition, the Massilia, Sphingomonas, Bryo-
bacter and Leptospirillum species became dominant and newgenera
appear in Nitrospirae. Meanwhile, the Paucimonas, Clos-
tridium_sensu_stricto_10, Gemmatimonas and H16 species became
dominant and new genera appear in Gemmatimonadetes after
treated by ZAB. However, Symbiobacterium was the only dominant
in sediment treated by OAC, which have themost adverse effects on
sediment microbial environment.

The phenomenon indicated that the application of biochar
adversely affect the behavior of indigenous microbes, which have
been reported by recent study (Huang et al., 2017). Meanwhile, the
value of TOC was increased, while the value of pH was decreased
after in situ remediation of by materials in Table S2. The non-
treated sediment groups showed more abundance and diversity
of bacteria than the sediment treated activated biochar, which may
be explained by that activated biochars changed the physico-
chemical properties of sediment, sequentially affected the
ial taxa (at the genus level) found in the sediment (relative abundance> 1%).
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indigenous microbes in sediment (Sigua et al., 2016). Although the
immobilization of Cd reduces the toxicity to the sediment micro-
organisms (Huang et al., 2016), the addition of biochar changes the
physicochemical properties of the sediment, which has a negative
effect on the sediment microorganisms.

4. Conclusions

Activated biochars showed better surface properties than RHB.
In situ remediationwith activated biochars distinctly decreased the
aqueous concentrations of Cd released from the sediments and
reduced environmental risk, which was related to BET surface area
and oxygen containing functional groups of activated biochars.
Activated biochar also showed more excellent performance in
immobilization of Cd in sediment, which was related to electro-
static reaction and oxygen containing functional groups. Activated
biochar influenced bacterial community diversity, which was
similar to activated carbon. ZnCl2 activated biochar can be used as a
cheap and efficient in situ remediationmaterial to replace activated
carbon.
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