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Abstract: The pyrolysis of phytoremediated giant reed (Arundo donax) biomass could cause secondary pollution of heavy metals.
The stabilization of heavy metals in the pyrolysis process with external materials such as Al,O3;, CaCO;, FeCl; and NaOH, was
studied. The results showed that 37% As and 97% Cd in biochar were stabilized when giant reed powder was pyrolyzed at 250 °C
with 5% Al,Os for 2 h. Furthermore, 59% Pb in biochar was stabilized at 400 °C with 5% CaCOs; for 1 h. Under biochar produced in
optimized pyrolysis conditions, Cd mainly existed in a residual fraction, while Pb and As mainly existed in oxidizable fraction in
BCR analysis. In XRD analysis, As was only found in Ca,As,07; Cd in biochar mainly existed in Cd (AlCly),, CdPbO; or CdSOs3;

and Pb mainly existed as Pb;0,SO,.
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1 Introduction

Giant reed (Arundo donax), a type of perennial
rhizomatous grass widely distributed in South China, is
used to stabilize heavy metals in metal-contaminated
soils [1,2]. Because of its rapid growth and high biomass
yield, giant reed has been explored as an option for
phytoremediation, particularly, of soils polluted with
multiple metals [3]. However, after phytoremediation, a
large amount of metal-containing biomass would be
produced, resulting in potential secondary pollution of
heavy metals.

The biomass has mostly been utilized for
composting [4], phytomining [5], combustion [6], and
pyrolysis [7]. Pyrolysis is a potential method to dispose
the biomass such as sugar cane [8], willow [9], and
generate biochar [10]. In contrast with combustion [11],
pyrolysis could be more suitable for the disposal of

metal-containing biomass because of the lower
volatilization of heavy metals [12].
Giant reed consists of 35%—-50% cellulose,

25%—-30% hemicellulose, and 15%—30% lignin [13]. As
an industrial crop, considering its components and large
biomass, phytoremediated giant reed was well suited for
the pyrolysis to produce biochar [14]. In addition, the

pyrolysis characteristics of giant reed biomass conform
to a single-step reaction model. The average activation
energy of giant reed is 163 kJ/mol [15]. External
materials have been studied as catalysts in the pyrolysis
process, including Na,CO; [16], Ni [17], and
mesoporous zeolite [18], which significantly increase the
production and quality of gas and oil [19] instead of
altering the characteristics of the solid residue [20].
However, few reseachers have investigated the
stabilization of heavy metals during the pyrolysis of
giant reed. Therefore, single factor and orthogonal
experiments were carried out in the current study with
the following goals: 1) determining the yield of giant
reed biochar modified by external materials; 2) studying
the optimal conditions for the stabilization of heavy
metals in the pyrolysis process of giant reed biomass, as
well as simultaneous stabilization of heavy metals
through weight analysis; and 3) describing the
stabilization  characteristics and elucidating the
stabilization mechanism of heavy metals under the
optimal pyrolysis conditions. In this original study, large
biomass of phytoremediated giant reed whose heavy
metals were stabilized, was disposed efficiently. The
stabilization mechanisms of heavy metal in the pyrolysis
process were studied, which provided efficient disposal
methods for the biomass after phytoremediation.
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2 Experimental

2.1 Giant reed biomass

Giant reed biomass was
phytoremediation field site contaminated with As, Cd,
and Pb in Hunan Province of China [2]. The harvested
biomass was washed sequentially with tap water and
distilled water, cut into small rectangle pieces with
1-2 cm in size, heated at 105 °C for 30 min, dried to
constant mass by heating at 60 °C, and then ground and
sieved to a uniform size fraction of 0.5-1.0 mm to

collected from a

produce giant reed powder for the pyrolysis. The
percentage of cellulose in giant reed powder was 61.2%
and the contents of As, Cd and Pb were 18.72, 17.68, and
63.14 mg/kg, respectively.

2.2 Experimental set-up

In the pyrolysis experiment, a covered aluminum
box with a diameter of 5 cm and height of 3 cm was
filled with giant reed powder to create an oxygen-limited
condition. A control experiment, wherein giant reed
powder was pyrolyzed without any external materials,
was also carried out.
2.2.1 Single factor experiment

Single factor experiments for biochar yield and the
stabilization percentage of heavy metals in biochar were
carried out under varying conditions of pyrolysis
temperature, pyrolysis time, and external materials. The
biochar yield experiments were performed at
temperatures of 250, 300, 350, 400 and 500 °C, and the
heavy metal stabilization experiments were performed at
300, 400, 500 and 600 °C. For both temperature series,
temperatures were increased at a rate of 10 °C/min for
2 h in a muffle furnace. The external material series of
the biochar yield and heavy metals stabilization
experiments were performed with mass fractions of 2%
for AL,O3;, CaCOs, FeCl;, and NaOH, respectively. The
pyrolysis time series were performed with durations of
0.5,1, 1.5, 2 and 3 h at 300 °C and 500 °C with the same
rate of temperature increase noted above, respectively.
The biochar samples were collected for the analysis after
cooling down to ambient temperature.
2.2.2 Orthogonal experiment

Based on the results of single factor experiment, the
L1 (4%) orthogonal experiment was designed to optimize
the biochar yield and the stabilization percentage of
heavy metals (Table 1). Four factors for orthogonal
design were considered, including pyrolysis time (0.5, 1,
1.5, 2 h), pyrolysis temperatures (250, 300, 350, 400 °C),
external materials (Al,0;, CaCOs3, FeCl;, NaOH) and the
mass fractions of external material to giant reed biomass
(0.5%, 1%, 2%, 5%).

2.3 Biochar properties

The stability of heavy metals in biochar was
evaluated according to the Solid Waste Toxicity
Leaching Method—Level Oscillation (HJ 557-2010).
Heavy metals containing in the biochar were extracted
using deionized water with low acidity (pH 5.5) and high
acidity (pH 2.5 by HCl). The contents of As, Cd and Pb
in leachate were analyzed. The heavy metals in biochar
were speciated using a modified European Community
Bureau of Reference (BCR) sequential extraction
procedure [21]. Biomass samples of 1 g were digested
with 10 mL HNO; and 2 mL HCIO,. Biochar and
residual samples after BCR sequential extraction were
digested using a microwave digester (MDS—8G, Xinyi
Company, Shanghai, China). The contents of Cd and
Pb in the digested solutions were measured by atomic
absorption spectrometry (AAS—6800, Shimadzu, Japan),
and the concentration of As was determined by atomic
fluorescence spectrometry (AFS—2202E, Haiguang
Instrument Company, China).

The specific surface area of biochar was measured
by a laser particle analyzer (OMEC LS-POP, China) with
a dispersion medium of alcohol and a refractive index of
1.329. The pore structure of biochar was determined
using a scanning electron microscope (KYKY2800,
Shimadzu, Japan) operated at 20 kV. Thermal stability
and heat values of the biochar were analyzed by thermal
gravimetric analysis (NETZSCH STA499C, Germany),
and the absorption peaks of the surface organic group
were measured by Fourier transform infrared spectroscopy
(Nicolet IS10, Thermo Electron Corporation, USA) in
the wavenumber range from 4000 to 400 cm™'. The XRD
patterns were analyzed using an X-ray diffractometer
(Rigaku-TTR 1II, Japan) with the scanning angle (26)
varying from 10° to 80° at a rate of 5 (°)/min. The
biochar yield and stabilization percentage of heavy
metals were calculated according Egs. (1) and (2):

77Biochar:mBiochar/mBiomassX 1 00% ( 1)
nSM:(CBiocharmBiochar)/(CBiomassmBiomass) x 1 00% (2)

where #pjochar 18 the biochar yield; mpiochar and Mpiomass
stand for the masses of the biochar and corresponding
giant reed biomass, respectively; #sy is the stabilization
percentage of heavy metal; Cgijochar and Cpiomass Stand for
the contents of heavy metals in biochar and giant reed
biomass, respectively.

Statistical analysis was performed using Microsoft
Excel 2010 and SPSS 16.0. Analysis of variance
(ANOVA) was used to determine significance among the
heavy metal contents of biochar under different pyrolysis
conditions using probability levels of 0.05 and O0.1.
Range analysis of orthogonal experiment was carried out
with SPSS 16.0 software to evaluate the degree of
influence of the pyrolysis conditions.
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3 Results and discussion

3.1 Effects of pyrolysis conditions on biochar yield
3.1.1 Single factor experiment
3.1.1.1 Pyrolysis temperature and pyrolysis time

Biochar yield was significantly affected by
pyrolysis temperature and pyrolysis time. Biochar yield
was as high as 55.5% at 250 °C, but it was only 12.3% at
500 °C (Fig. 1).
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Fig. 1 Effect of pyrolysis temperature on yield of biochar

When the time span of pyrolysis was extented from
0.5 to 3 h, the biochar yield decreased sharply from
35.2% to 23.3% at the pyrolysis temperature of 300 °C,
but from 22.3% to 18.7% at 500 °C (Fig. 2).
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Fig. 2 Effect of pyrolysis time on yield of biochar

The results suggested that biochar yield decreased
significantly with increasing pyrolysis temperature and
pyrolysis time. The decreased biochar yield was
contributed to the releasing of hydroxide compounds in
the process [22]. According to the analysis of the FT-IR
spectra (Fig. 3), the peaks from 1142 to 1531 cm ™' of
giant reed powder, standing for C — OH in
polysaccharide and phenols, disappeared in biochar.

3.1.1.2 External materials

Biochar yield increased noticeably after the addition
of external materials. The carbon yield of char from pure
cellulose was increased by external materials such as
Ca®"and Cu’"[23,24]. Biochar yield increased more with
the addition of external materials compared with the
control experiment (Fig. 4).
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Fig. 3 FT-IR spectra of giant reed powder and biochar
produced under optimal orthogonal pyrolysis condition:
(a) Biochar produced at 400 °C with 2% Al,O; for 0.5 h;
(b) Biochar produced at 400 °C with 5% CaCOj; for 1 h;
(c) Biochar produced at 400 °C with 0.5% FeCl; for 1.5 h;
(d) Biochar produced at 400 °C with 1% NaOH for 2 h;
(e) Giant reed powder
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Fig. 4 Effect of external materials on yield of biochar

The external materials enhanced the cracking of the
cellulose structure in the biomass [25], blocking off the
release of volatiles from biochar [26] and decreasing the
adsorbent’s surface area [27]. A biochar yield of 54%
was obtained at 300 °C with 5% Al,0O; for 2 h (Fig. 4).
The surface structure of the biochar with Al,O3; was more
complete than biochar with CaCO;, NaOH or FeCl;,
according to the SEM image (Fig. 5).

Biochar with NaOH and FeCl; reacted with
cellulose components and the electromotive force
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Fig. 5 SEM images of biochar produced under optimal orthogonal pyrolysis condition: (a) Biochar produced at 400 °C with 2%
Al,O3 for 0.5 h; (b) Biochar produced at 400 °C with 5% CaCOj for 1 h; (c¢) Biochar produced at 400 °C with 0.5% FeCl; for 1.5 h;

(d) Biochar produced at 400 °C with 1% NaOH for 2 h

between the reactants limited the combustion of
carbon [28]. The rigidity of biochar with sodium and
chlorine affected the integrity of the carbon chain, which
in turn affected the reaction between the cellulose
component and external materials.
3.1.2 Orthogonal experiment

The optimal pyrolysis conditions for biochar yield
were studied using an orthogonal experiment (Table 1).
Based on the range analysis, the contribution percentages
of pyrolysis temperature, pyrolysis time, and the mass
fraction of external materials all significantly contributed
to the stabilization of heavy metals in biochar (P<0.05).
The results indicated that the pyrolysis of giant reed was
affected more by pyrolysis temperature and time than by
external materials. The biochar yield of 86% was
achieved at 250 °C with 0.5% NaOH for 0.5 h. Previous
research indicated that an appropriate amount of Cu
could also increase the yield of tar [24].

3.2 Effects of pyrolysis conditions on heavy metal
stabilization
3.2.1 Single factor experiment
3.2.1.1 Pyrolysis temperature and pyrolysis time
The content of heavy metal in biochar was
significantly related to pyrolysis temperature. The
contents of Cd and Pb in biochar at 400 °C were up to
14.7 and 76.0 mg/kg, respectively (Fig. 6). The results

Table 1 Biochar yield and its range analysis in orthogonal

experiment
Tes Bxernal HCL ) el afextemal . Biochr
) °C h material/% &
1 NaOH 250 0.5 0.5 86
2 FeCly 250 1 1 78
3 CaCO; 250 1.5 2 76
4 AlLO; 250 2 5 78
5 NaOH 300 1 2 54
6 FeCly 300 0.5 5 67
7 CaCOs 300 2 0.5 46
8  AlLO; 300 1.5 1 47
9 NaOH 350 1.5 5 47
10 FeCls 350 2 2 43
11 CaCO, 350 0.5 1 45
12 ALO; 350 1 0.5 41
13 NaOH 400 2 1 35
14 FeCls 400 1.5 0.5 35
15 CaCO; 400 1 5 42
16 ALO; 400 0.5 2 41
R 0.04 0.4125 0.0925 0.0725
F 637 473 .4%* 25.1% 15.2%

R and F stand for range and significance, respectively. Foo1 (3, 3) =29.5,
Foos (3,3)=9.23; "P<0.01, *P < 0.05
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Fig. 6 Effect of pyrolysis temperature on contents of heavy

metals in biochar

suggest that the pyrolysis temperature of 400 °C may be
optimal for the stabilization of heavy metals in biochar.
3.2.1.2 External materials

The effect of external materials on the contents of
heavy metals in biochar was consistent with the
stabilization percentage. The contents of As, Cd, and Pb
in biochar without external materials were 6.23, 15.9,
and 63.9 mg/kg, respectively. The
percentages of As, Cd and Pb in biochar were 6%, 21%
and 50%, respectively. Both of these factors were
improved when giant reed powder was pyrolyzed at
300 °C with 5% external materials for 2 h (Fig. 7). The
contents of As, Cd and Pb in biochar with NaOH, FeCls,
AL O3 and CaCO; were up to 36, 33.75, and 137 mg/kg,
respectively. The corresponding stabilization percentages
of As, Cd, and Pb in biochar were as much as 90.5%,
84.9% and 98.3%, respectively.
3.2.2 Orthogonal experiment

The effects of pyrolysis conditions on the contents
of heavy metals in biochar were also studied by the range
analysis of orthogonal experiments (Table 2). As content
was 16 mg/kg and the stabilization percentage of As was

stabilization
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30% in biochar produced at 400 °C with 1% NaOH for
2 h; Cd content was 182 mg/kg and the stabilization
percentage of Cd was 72% at 350 °C with 1% CaCOs; for
0.5 h; Pb content was 861 mg/kg and stabilization
percentage of Pb was 33% at 350 °C with 0.5% Al,O; for
1 h

However, according to the range analysis results of
the orthogonal experiments (Table 3), the optimal
stabilization percentages of 37% As and 97% Cd in
biochar were obtained when giant reed powder was
pyrolyzed at 250 °C with 5% Al,O; for 2 h (Table 2).
Furthermore, 59% Pb was stabilized at 400 °C with 5%
CaCO; for 1 h. The stabilization of Cd, instead of As and
Pb, was significantly affected by pyrolysis conditions
(P<0.05).

For the coexistence of As Cd, and Pb in giant reed
biomass harvested from soil phytoremediation, a weight
analysis of the orthogonal experiment was carried out
(Table 4). The weight value under the pyrolysis
temperature of 400 °C was 43.83%. Considering the
simultaneous stabilization of heavy metals in biochar and
the high content of Cd in giant reed biomass, the optimal
pyrolysis conditions for giant reed biomass were selected
as 400 °C with 1% NaOH for 2 h.

3.3 Stabilization mechanism of heavy metals in
biochar produced under optimal orthogonal
experiment

3.3.1 Speciation of heavy metals in optimal biochar
The speciation of heavy metals in biochar was

significantly affected by the pyrolysis conditions. The

oxidizable fraction of heavy metals in biochar increased
when the residual fraction decreased significantly with
external materials at 400 °C (Fig. 8). The acid-
extractable fraction of As in biochar with the addition of
external materials decreased significantly compared with
the control. Most of the Cd existed in residual fraction
and the proportion of acid-extractable Cd fluctuated
slightly. Opposed to As, Cd and Pb mainly existed in
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Fig. 7 Effect of external materials on contents (a) and stabilization percentages (b) of heavy metals in biochar
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Table 2 Heavy metal contents and stabilization percentages in biochar produced in orthogonal experiment

661

Test External Pyrolysis Pyrolysis ~ Mass fraction of Content/(mg kg ") Stabilization percentage/%
No. material Temperature/°C  time/h  external material/%  As cd Pb As Ccd Pb
1 NaOH 250 0.5 0.5 1.64 69.8 427 96 25
2 FeCl; 250 1 1 2.11 87.8 271 90 23
3 CaCoO; 250 1.5 2 4.94 118 390 20 93 25
4 AlO, 250 2 5 8.91 106 255 37 97 24
5 NaOH 300 1 2 9.97 65.3 776 29 74 29
6 FeCl, 300 0.5 5 3.32 112 315 12 91 23
7 CaCoO; 300 2 0.5 8.39 88.3 226 20 74 29
8 AlO, 300 1.5 1 5.05 97.8 199 13 76 31
9 NaOH 350 1.5 5 3.88 115 212 10 74 29
10 FeCls 350 2 2 3.93 113 198 9 76 33
11 CaCO; 350 0.5 1 6.11 182 333 15 72 29
12 AlLO3 350 1 0.5 5.06 126 861 11 68 33
13 NaOH 400 2 1 16 123 279 30 68 38
14 FeCl; 400 1.5 0.5 5.84 101 210 11 65 37
15 CaCO; 400 1 5.33 112 316 12 73 59
16 AlO; 400 0.5 6.14 122 289 13 76 44
Table 3 Range analysis for contents and stabilization percentages of heavy metals in biochar based on orthogonal experiment
External Pyrolysis o Mass fraction of
. Pyrolysis time .
Item material temperature external material
As Cd Pb As Cd Pb As Cd Pb As Cd Pb
Content R 407 318 175 393 432 128 5.01 23.7 317 1.96 26.4 161
M F 089 192 001 106 408 003 159 099 002 029 130 0.4
Stabilization R  0.09 0.02 0.07 0.07 0.24 020  0.12 0.11 0.06 0.05 1.15 0.04
percentage F 0.64 0.65 0.71 0.04 68.3%* 6.55  0.10 6.99 0.63 0.02 9.20 0.22
Foor (3, 3)=29.5, Fo.s (3, 3) =9.23. **P < 0.01, *P < 0.05
Table 4 Weight analysis of optimal pyrolysis condition of biochar
Pyrolysis External Stabilization percentage/% Weight value for different external Average
temperature/°C material As cd Pb material at same temperature™® weight value
NaOH 8 96 25 43.0
FeCly 9 90 23 40.7
250 43.00
CaCO; 20 93 25 46.0
ALO4 37 97 24 52.7
NaOH 29 74 29 44.0
FeCly 12 91 23 42.0
300 41.75
CaCO; 20 74 29 41.0
ALO4 13 76 31 40.0
NaOH 10 74 29 37.7
FeCly 9 76 33 39.3
350 38.25
CaCO; 15 72 29 38.7
AlLO; 11 68 33 373
NaOH 30 68 38 453
FeCly 11 65 37 37.7
400 43.83
CaCO; 12 73 59 48.0
AlLO; 13 76 44 443

* Weight value of all heavy metals and external material was considered as 1
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Fig. 8 Speciation of heavy metals in biochar produced under optimal orthogonal pyrolysis condition: (a) As; (b) Cd; (c) Pb

oxidizable fraction, especially in the biochar produced by
adding FeCl;. Considering the increased oxidizable
fraction of heavy metals in biochar, it was suggested
that heavy metals were more likely to combine with
organic groups of biochar with the addition of external
materials [29].
3.3.2 Leaching potential of heavy metals in biochar

The stability of metals in biochar produced at
400 °C in the orthogonal experiment was assessed
through a leaching experiment following the Solid Waste
Toxicity Leaching Method-Level Oscillation (HJ
557-2010) Protocol. According to the results in Table 5,
the amount of all the metal elements in leachates was
less than the level of the Identification Standard for
Hazardous Wastes — Identification for Extraction
Toxicity (GB 5085.3—2007). The results indicated that it
was difficult to leach heavy metals under neutral and
acidic conditions, corresponding to heavy metal
speciation in biochar. The acid-extractable fraction of
heavy metals in biochar was small, which suggested that
biochar with the addition of external materials was useful
in stabilizing heavy metals [30].

Table 5 Concentrations of heavy metals in TCLP leachate
External _p(As)(mg'L™) p(As)(mg'L™") p(As)(mg-L™)
material pH=2.5 pH=5.5 pH=2.5 pH=5.5 pH=2.5 pH=5.5
NaOH 1.61 0.67 0.0064 ND 0.049 0.014
CaCO; 1.22 0.70  0.0135 ND 0.023  0.0098
AlLLO; 243 0.71 0.0306 ND 0.048 0.036
FeCl; 1.70 0.59 0.0101 ND 0.042 0.0034
Control  0.89 0.28 ND ND 0.027 ND

3.3.3 Surface microcellular structure of biochar

The surface characteristics of biochar were
significantly affected by external materials. The specific
surface areas of biochar with 5% FeCl;, 5% NaOH, 5%

AlLO5 and 5% CaCOj; were up to 0.31, 0.29, 0.21 and
0.13 m?/g, respectively. According to the SEM analysis
(Fig. 5), a large number of pores with different diameters
were discovered in biochar with the addition of external
materials. Therefore, the pores were produced by the
breaking of cellulose polymer chains [31]. Regular
rectangle pores perpendicular to cellulose were generated
on the surface of biochar modified with NaOH, which
expressed the fracture mode of cellulose polymer chains
in the pyrolysis progress.

3.3.4 FT-IR and XRD analysis of optimal biochar

Based on the FT-IR analysis (Fig. 3), the peaks from
1531 to 1610 cm™" in giant reed powder were changed
into characteristic peaks at 1600 and 1700 cm' in
biochar. The benzene ring in giant reed powder was
cracked into aliphatic cyclics, providing more binding
sites for heavy metals. The peak at 618 cm™' for SOﬁ_
was useful to generate stable sulfide compounds with
heavy metal elements. The peak at 1441 cm™' for CO3~
was useful to produce stable carbonate compounds with
heavy metal elements. Moreover, the absorption peaks at
1114 and 3417 cm™' for C—O—C and alcohol hydroxyl
reflected the decreased oxygen content. Similar results
were obtained for the biochar from hydrothermal
conversion of giant reed [32]. The acidity of the obtained
biochar also decreased, resulting in an alkali condition
and a beneficial reducing environment for heavy metal
immobilization [33]. The conclusions are consistent with
the results that heavy metals in biochar mainly exist in
oxidizable fractions (Fig. 8).

Cd in biochar with Al,O; mainly existed as
Cd(AICly),, for biochar with NaOH, Cd mainly existed
as CdPbO;; and for biochar with FeCl;, Cd mainly
existed as CdSOs, according to the XRD analysis (Fig. 9).
In biochar with CaCO; or Al,O;, Pb mainly existed as
Pb30,S0,. The fraction of Pb in biochar was affected by
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Fig. 9 XRD patterns of biochar produced under optimal orthogonal pyrolysis condition: (a) 2% Al,0s, 400 °C, 0.5 h; (b) 5% CaCOs;,
400 °C, 1 h; (c) 0.5% FeCl;, 400 °C, 1.5 h; (d) 1% NaOH, 400 °C, 2 h

the pyrolysis temperature. Pb existed only as PbO, at low
pyrolysis temperatures while it existed as Pb;0,SO,4 and
Pb3;0,(NO;), at high pyrolysis temperatures. Similarly,
As in biochar with FeCl; or NaOH mainly existed as
Ca,As,0;, which was able to stabilize As. The results
indicated that metal salts would contribute to the
stabilization of heavy metals in biochar with external
materials. When 5% FeCl; and 5% NaOH were used,
biochar has the potential to stabilize heavy metals and
assist in the clean-up contaminated environmental media
particularly.

4 Conclusions

1) The biochar yields and stabilization percentages
of heavy metals in biochar with external materials,
including AL,O;, CaCOs;, FeCl; and NaOH, are
significantly increased. The biochar yield reached 86%
with 0.5% NaOH at 250 °C for 0.5 h. The stabilization
percentages of As and Cd in biochar were 37% and 97%
with 5% Al,O5 at 250 °C for 2 h and that of Pb was 59%
with 5% CaCOs at 400 °C for 1 h, respectively.

2) Based on the orthogonal experiments, Cd in
biochar mainly existed in residual fraction at 400 °C

while those of Pb and As mainly existed in oxidizable
fraction. The optimal pyrolysis conditions of metal-
containing giant reed biomass were 1% NaOH, 400 °C
and 2 h.

3) The stable compounds with external materials in
biochar are significantly contributed to the stabilization
of heavy metals in biochar. Oxygen content and the
acidity of produced biochar decreased with appearance
of functional groups in biochar. The stabilization of
heavy metals is also contributed to the adsorption of pore
structure in biochar.
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