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ABSTRACT: In this study, the natural zeolite and rice husk biochar were mixed as a combination amendment for metal
immobilization in a Cd, Pb, As, and W co-contaminated soil. A 90 day incubation study was conducted to investigate the effects of
amendments on toxic metal in soil. Zeolite, biochar, and their combination application increased the soil pH and cation exchange
capacity. A combination of amendments decreased the bioavailability of Cd, Pb, As, and W. Besides, the potential drawback of
biochar application on As and W release was overcome by the combination agent. Zeolite, biochar, and combination treatment
decreased total bioavailability toxicity from 335.5 to 182.9, 250.5, and 143.4, respectively, which means that combination was an
optimum amendment for soil remediation. The results of the Community Bureau of Reference sequential extraction and scanning
electron microscopy—energy-dispersive spectrometry images confirmed the Cd and Pb adsorption onto biochar. However, As and W
immobilization was dominantly controlled by zeolite. It appears that the combination of amendments is an efficient amendment to
remediate Cd, Pb, As, and W co-contamination in soil, although the combination of amendments has a lower stabilization rate for W
than for zeolite.

1. INTRODUCTION imately.” Multiple studies certified that metals have negative
effects on germination, growth, yield, and food safety in crops,
particularly Cd, Pb, and As.”"'° Therefore, it is urgent to find an
efficient remediation method for reducing the bioavailability of
toxic metals.

The transportation of toxic metals from soil to the food
chain can be reduced by chemical means. For instance, Cd can
be stabilized and converted into nonavailable forms by
amendments’ application, which reduces bioavailability but
does not remove toxic metals from the soil.'’ It can be figured
out that the application of stabilizing agents is a safe and cost-
efficient method to remediate its pollution. Remediation of

The pollution of toxic metals in cultivated soil can pose
considerable threats to the environment and human body
because of its nonbiodegradable and persistent nature."”
Mining activity is a major anthropogenic source of toxic metals,
especially Cd, Pb, and As, which produce serious environ-
mental problems, including soil contamination, ecosystem
degradation, and food contamination.”* Toxic metals in
mining waste could contaminate adjacent farmland and
groundwater, after transportation by wind or rain. Thus,
toxic metal pollution is a major factor in restricting the
opportunities for agricultural land use. As a consequence of the
rapid development of mining and metal processing in China

for decades,”® contamination of soil with toxic metals has Received: August 3, 2020
become a widespread concern. Previous study showed that Accepted:  September 17, 2020
over 19% of cultivated land in China suffered different degrees Published: October 16, 2020

of metal pollution.7 In China, about 20 million hectares of
farmland have been contaminated by toxic metals, producing
12 million tons of contaminated grains per year approx-

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsomega.0c03710

W ACS Publications 27374 ACS Omega 2020, 5, 27374—27382


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Jun+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun-Feng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue-Qing+Liao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="You-Cun+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c03710&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03710?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03710?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03710?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03710?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03710?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03710?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03710?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/42?ref=pdf
https://pubs.acs.org/toc/acsodf/5/42?ref=pdf
https://pubs.acs.org/toc/acsodf/5/42?ref=pdf
https://pubs.acs.org/toc/acsodf/5/42?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03710?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Omega

http://pubs.acs.org/journal/acsodf

soils containing toxic metals with stabilizing agents represents a
suitable method owing to the provision of large surface area,
high cation exchanﬁe capacity (CEC), and the presence of
functional groups.'”'” Several stabilizing agents have been
applied to remediate contaminated soil, which includes mineral
and organic amendments. Biochar is a promising organic
amendment to immobilize toxic metals and its impacts on soil
pH, CEC, mineral composition, and organic carbon'® were
produced by slow pyrolysis of biowaste materials in the
absence of oxygen (O,). Meanwhile, biochar application has a
positive impact on soil carbon sequestration and mitigation of
global climate change.

Biochar has been studied for its ability to immobilize toxic
metals. For instance, Zhan et al. used rice straw biochar to
immobilize Cd and subsequent reduction in the bioaccumu-
lation of metal in maize plants and grains.'* Kiran compared
the stabilization rate of rice husk ash and rice husk biochar in
lead-spiked soils.'> Most contaminated sites might contain
multimetals; the number of mixed-metal-contaminated sites is
more than single-metal-contaminated sites.” Most studies
revealed that diverse types of toxic metals might lead to
different results of biochar, especially for soils containing
mutimetals."> For instance, biochar significantly decreased Pb
and Cd bioavailability but had no depicted effect on Zn.'
Biochar addition to a contaminated soil decreased the Cd
mobility but increased As concentrations in the pore water.'”'®
It has been reported that biochar immobilized metals, namely,
Pb, Zn, and Cu, but mobilized As and Sb."’

Thus, it is reasonable to assume that combination agents
might be more suitable for remediation of multimetal-
contaminated soil.>® Meanwhile, for single-metal-polluted
soil, the combination of amendments was generally having a
greater stabilization rate than a single amendment. For
example, Ran shown that a mixed agent slightly affects the
grain yields of rice but significantly decreased the diethylene
triamine pentaacetic acid (DTPA)-extractable Cd content
compared to single agent.”' Biochar application (3%)
combined with acidified manure (B2 + acidified manure
solid (AMS)) significantly minimized Cr mobility and thereby
reduced the uptake by maize plant.”> Huang figured out that
the mixture of biochar and phosphate has good immobilization
capacity on Cd, Cu, Pb, and Zn in contaminated soil.>?
Besides, the advantages of zeolite for the remediation of toxic-
metal-contaminated soil have been certified.”* For instance,
zeolite has been used for soil remediation in the Copsa Mica
area, Romania.”® Shi et al. suggested that the zeolite was a high
effective amendment for toxic-metal-polluted garden soils,
which significantly decreased the availability of Pb.*®

Consequently, the above literature indicated that the
application of biochar and zeolite could be an effective method
to stabilize toxic metals in soil. Especially in the case where
application of biochar on soils with a high level of As
concentrations could be a potential drawback, 7 single biochar
amendment does not satisfy the requirements for metal
immobilization in specific multicontaminated soil. For
example, abundant tungsten mines are distributed in Jiangxi
Province, China, where the soil contains Cd, Pb, As, and W
contamination.”” The combined use of biochar and zeolite
mitigated the emissions of ammonia and nitrogen dioxide. It
reduced the mobility of the toxic metal during pig manure
composting,” but the combination of biochar and zeolite has
not been used for metal immobilization in contaminated soils.
Therefore, the purpose of this study was (1) assessing the

immobilization efliciency of biochar, zeolite, and their mixture
on toxic metals in a field soil sample, (2) assessing the
remediation rate of the amendment via total bioavailable
toxicity (TBT), and (3) assessing the speciation changes in Cd,
Pb, As, and W in the soil after amendment application.

2. RESULTS AND DISCUSSION

2.1. Characteristics of Amendments. The following
bands were observed in the FTIR result of biochar (Figure 1).
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Figure 1. Infra spectrogram of rice husk biochar.

The broad strong absorption bands at 34307' could be
attributed to the presence of —OH groups of alcohols, phenols,
or carboxyl functional groups.”” Simultaneous absorption
peaks at the range of 3500—3100"" and 1600~ were assigned
to the presence of —NH in amides.” Besides, it can be found
that there are strong peaks at 14207' and 1090~', which
correspond to CO;*"and PO,*". Abundant CO,*~ and PO,*"
in biochar has been reported.”” The band at 800 is due to the
presence of —(CH,),— (n > 4) and indicates that a long
carbon chain existed.

Some properties of biochar, zeolite, and their combination
are listed in Table 1. In general, zeolite has higher pH and
CEC than biochar (8.95 vs 7.81 and 137.68 cmol/kg vs 35.32
cmol/kg, respectively). Besides, biochar contained a high
amount of OM. Both biochar and zeolite with a higher specific

Table 1. Properties of Amendments and Test Soil”

property zeolite  biochar combination soil

texture loam (red soil)

pH 8.95 7.81 833 5.60

CEC (cmolkg™) 137.68 3532 6128 6.5

OM (gkg™) — 48577 44350 352

SSA (m>g™") 17824  89.06 112.66 —

total N — 0.79 0.42 —

total C — 45.15 27.84 —_

total Cd (mg-kg™')  0.02 0.05 0.03 7.20

total Pb (mg-kg™)  1.12 0.78 1.01 91.00

total As (mg-kg™") 1.60 1.04 1.27 45.32

total W (mgkg™)  2.51 0.65 2.02 118.50
“OM, organic matter; SSA, specific surface area. —, not detected.
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Figure 2. Effects of amendments on soil properties. (a) pH and (b) CEC.
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Figure 3. ercentage of the metal fraction with different amendments.
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surface area (SSA) were a major contributor to metal
stabilization. All toxic metals (Cd, As, Pb, and W)
amendments were very low, which means the amendments
were not a metal risk for soil.

2.2. Changes in Soil Properties. After incubation, the
effects of amendments on soil pH and CEC are shown in
Figure 2. As per many studies, zeolite and biochar could
increase the pH of acidic soil because of the original
allkalinity.31 Compared to control, after zeolite, biochar, and
their combination treatment, the pH of test soil was increased
by 0.59, 0.15, and 0.29 units, respectively. Besides, the CEC of
soil was increased by 35.3, 11.8, and 23.5%, respectively. Both
CEC and pH were crucial parameters for metal mobility in soil.
A critical review figured out that increased soil pH and CEC
were a major mechanism for metal stabilization via zeolite and
biochar application, particularly metal cations.”
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2.3. Transformation of Metal Fraction after Amend-
ment Application. 2.3.1. Cadmium. The percentage of each
fraction of Cd in soil samples is shown in Figure 3. After
zeolite, biochar, and their combination treatment, F1 of Cd
decreased from 39.2 to 25.8, 22.4, and 18.1%, respectively.
Zeolite application increased F4 of Cd by 14.3%. Metal
retention could take place at either pH value because of its
high CEC. However, biochar and its combination agent
increased both F3 (1.1—1.8%) and F4 (13.3—19.2%) fraction.
The increased F3 may be dominantly controlled by biochar
application. Walker revealed that biochar application could
transform soluble metals into the insoluble forms that bind
with organic matter (OM).”> Meanwhile, CO;*~ in biochar
plays a role in Cd immobilization.”*

2.3.2. Lead. For the control group, the Pb concentration of
F1 was 17.6 mg/kg, which accounts for 19.4% of total Pb

https://dx.doi.org/10.1021/acsomega.0c03710
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Figure 4. Effect of amendments on metal bioavailability.
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concentration, approximately. After amendment application,
the F1 fraction of Pb was decreased by 27.2, 43.1, and 51.3%.
Compared to the control group, after zeolite application, a
significant decrease in F1 and F3 fraction was observed, most
of which was converted to an F4 fraction (increased from 11.9
to 30.2%). However, the Pb in the soil after biochar application
was considered to be in a more stable form (F3 > 30%).
Meanwhile, the percentage of F4 fraction for biochar treatment
was higher than that for the control group (11.9 vs 15.5%).
Generally, the combination agent application decreased the F1
and F2 fraction percentage but simultaneously increased the
F3 and F4 fraction percentage. Compared to BC and CO
groups, CO has a higher F4 percentage. The explanations for
that result are as follows. Higher pH in the CO group of soil
can prompt the formation of Ca,Pbg(PO,)s(OH), and
Pb,(PO,),0OH.

2.3.3. Arsenic. Compared to control, the F1 fraction of As
was increased after biochar treatment. However, after zeolite
and combination agent application, the F1 fraction of As
decreased by 26.7 and 8.0%, respectively. The high Fe content
in zeolite could be the possible explanations for that. Gu et al.
reported that the combination of biochar and zeolite could
reduce the exchangeable As in soil.>” Siljeg certificated that As
could be adsorbed onto the iron oxyhydroxide in the zeolite
surface.’® Besides, after biochar application, the F4 fraction was
decreased from 31.9 to 21.2%. That could be regarded as the
part of As adsorbed on soil particle was mobilized by biochar
treatment.

2.3.4. Tungsten. Similar to As, the F4 fraction of W was
decreased after biochar application and increased F1 fraction.
It means that a single biochar may pose a threat to specific soil.
Most W was considered to be in a more stable form (F3 >
40%), and the F3 fraction of W in CO accounted for 52.6%.
Besides, after the combination of amendment application, the
F2 fraction of W was decreased to 8.4% compared to control.
In general, the limitation of a single biochar amendment was
overcome.

2.4. Assessment of Remediation. 2.4.1. Effect of
Amendments on Metal Bioavailability (Ethylenediaminete-
traacetic Acid Extraction Results). As expected, metal

27377

concentrations in ethylenediaminetetraacetic acid (EDTA)
extracts were significantly changed (Figure 4). The bioavail-
ability of Cd and Pb in the control group was 2.91 and 24.1
mg/kg, respectively. After treatment, Cd and Pb in EDTA
extracts decreased by 40.5—57.4% and 53.1—62.7%, respec-
tively. Besides, the largest decrease was observed in CO for
both Cd and Pb. This result suggested that the combination
agent has a more effective remediation rate than a single agent
for specific metal. Meanwhile, biochar has a higher remediation
rate for Cd and Pb than zeolite. Both zeolite and biochar
supplying alkalinity to the soil and prompt the precipitation of
insoluble particles, which contained metal elements. Cao
reported that Pb reacted with phosphorus contained in biochar
to form insoluble hydroxy pyromorphite.”® CO;*~ plays a role
in Cd immobilization by prompting the formation of cadmium
carbonate.”” High CEC and large surface area of amendments
were major contributors to Pb and Cd immobilization.

In contrast, it should be noted that biochar application
mobilized As in test soil. As well, the highest W concentration
in EDTA extracts was observed in biochar treatment. This
result was consistent with a previous study.”® Wu et al.
reported that increased soil OM content could suppress the
adsorption of As onto soil particles, which was attributed to the
competition of soil OM and As for the retention sites.*
Increased W concentration was observed in biochar treatment
that could be regarded as W being mobilized by increased soil
pH.40 However, both As and W concentrations in extracts were
decreased after the application of zeolite and a combination of
amendments. It could be revealed that the combination of
amendments reduced As and W concentrations in extracts by
56.4 and 22.5%, respectively. The largest reduction for As and
W was observed in CO and ZE, respectively. He et al. reported
that As was stabilized by forming precipitation with
magnesium and calcium after zeolite application.*' Siljeg
revealed that As could be adsorbed onto the iron oxyhydroxide
in the zeolite surface.’® Generally, the immobilization of As
and W may be dominantly controlled by zeolite rather than by
biochar. Considering the element composition of zeolite, the
immobilization of As and W could be explained as a high level
of iron. The iron in the zeolite surface could be transformed to

https://dx.doi.org/10.1021/acsomega.0c03710
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Figure 6. SEM/EDS images of the metals spatial distribution in biochar.

ferric hydroxide, which was positively charged after the
protonation process. Thus, the metallic anion could be
adsorbed by ferric hydroxide, such as arsenate and tungstate.

2.4.2. Assessment of Remediation Rate via Bioavailable
Toxicity. TBT was used to assess the remediation rate of
multimetal-contaminated soil (Figure 5). Considering the
contribution of the metals, single bioavailable toxicity (BT)
was also performed. The soil in CK, ZE, and CO has a similar
structure of BT. After the biochar application, As was a major
contributor to the TBT of soils, which account for 57.5% of
TBT. Besides, compared to the control group, all treatment
could decrease the TBT. After the combination of amendment
application, the TBT of soils decreased by 57.3%. The TBT of
soils for different treatment in all treatments were decreased in
the order of CK (335.5) > BC (250.5) > ZE (182.9) > CO
(143.4). Compared to biochar treatment, the combination of
amendments can reduce the risk of As and W release, which
indicates the advantage of combined application.

2.5. Retention of Trace Elements by Biochar. Lead and
a lesser proportion of Cd were adsorbed to biochar, indicated
by scanning electron microscopy/energy-dispersive spectrom-
etry (SEM/EDS) element mapping (Figure 6). It was an
explanation for the decreased Cd and Pb concentrations in
EDTA extracts for the BC and CO group (although this is a
part of the reason for CO). The Pb concentration in the
biochar surface was increased after incubation (Figure 6b)
compared to that of fresh biochar (Figure 6a). In the case of
Cd, alesser proportion was retained, which could be attributed
to lower orders of magnitude of total Cd concentration
compared to Pb (7.2 vs 91 mg/kg). Unlike Cd and Pb, the
concentrations of W and As in the biochar surface were
observed to lack retention. There could be some possible
explanations for that. A high level of dissolved P in biochar was
competing with As after biochar was added to the soil. Hartley
et al. reported that As was mobilized in biochar-treated soils,
which contribute to the competition of P and As.** Meanwhile,
higher pH in biochar-treated soil may lead to As mobilization

https://dx.doi.org/10.1021/acsomega.0c03710
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Table 2. Element Composition of Soil and Amendments (wt %)“

Si Al Fe Ca

soil 31.74 11.78 1.00 0.20

zeolite 27.12 11.32 4.87 0.15

biochar 16.33 0.79 0.59 1.08

combination 22.04 6.17 3.29 131
“LO], loss on ignition. —, not detected.

Mg
0.09
0.41
0.19
0.25

Na K S P o LOI
0.08 0.42 0.03 0.02 28.30 26.2
0.10 1.38 0.05 0.09 27.22 26.5
— 2.67 0.26 0.85 7.90 68.8
— 1.88 0.13 0.45 16.63 46.7

rather than that adsorbed to the biochar surface. Krol revealed
that metal anion release increases toward high pH.* Tungsten
and As are chemically analogous. These explanations were also
acceptable for a lack of retention for W in biochar.

Metal retention may occur in both biochar surface and
network of pores. When the retention sites in the surface were
effectively saturated, metals were further adsorbed to the pore
structure. The porous structure of biochar leads to a large
surface area, providing more retention sites. Besides, the
precipitation process was also a mechanism for metal
immobilization, especially Pb and Cd. The macro-, micro-,
and nanoporous structures in biochar may prompt the
precipitation.44

3. CONCLUSIONS

In this study, the stabilization rate of zeolite, biochar, and their
combination for Cd, Pb, As, and W in a specific soil was
assessed. Zeolite application decreased the bioavailability of
Cd, Pb, As, and W. Meanwhile, biochar could immobilize Cd
and Pb but mobilized As and W. Thus, after the combination
of amendment application, the risk of biochar for anion
mobilization was overcome. The combination of amendment
application significantly decreased the bioavailability of Cd, Pb,
As, and W by 57.4, 62.7, 56.4, and 22.5%, respectively. The
Community Bureau of Reference(BCR) extraction further
confirmed that the combination amendment could transform
the activate faction of metals (Cd, Pb, As, and W) into the
stable fraction. Zeolite, biochar, and their combination
decreased the TBT from 335.5 to 182.9, 250.5, and 143.4,
respectively. The result means that the combination of
amendments has the highest remediation rate for the test
soil. The SEM/EDS images confirmed that Pb and a less
proportion of Cd were adsorbed onto biochar. It appears that
the combination of zeolite and biochar is an efficient and
environmentally friendly amendment to remediate multimetal-
contaminated soil.

4. MATERIALS AND METHODS

4.1. Soil and Amendment Characterization. Topsoil
(0—20 cm) was obtained from a vegetable field adjacent to the
Dangping tungsten mining area in Ganzhou City, China
(114.3191° E, 25.4647° N). The soil was passed through a 2
mm sieve after air-drying. Biochar was produced by the
pyrolysis of rice husk at 400 °C in the absence of O, (4 h) and
broken and passed through a #60 sieve after oven-drying, and
the pH of biochar was 7.81 (1:20 solid/water).” Zeolite was
purchased from the Yusong water treatment equipment factory
in Gongyi City, China, and broken and passed through a #60
sieve, and the pH of zeolite was 8.95 (1:20 solid/water).

Table 2 lists the element composition of soil and
amendments determined by X-ray fluorescence. The properties
of soil and amendments were characterized (Table 1). The pH
values of soil were measured using a pH meter at a soil/water
ratio of 1:2.5. The ammonium acetate extraction procedure
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was used for CEC determination.*® The Stuanes method was
used for exchangeable acidity determination.”” The average
pore diameter and SSA of amendments were measured using a
BSD-BET400 surface area analyzer (Beishide, China). Total N
and C of biochar were determined by an elemental analyzer.
The total Cd, Pb, and As concentrations were applied to acid
digestion (6:3:1 ratio of HNO,;, HCl, and HF) using a
microwave-accelerated digestion system (TK-100).""

4.2. Treatment. The experiments were conducted in a
plastic container (height 9.6 cm, top and bottom diameter of
17 and 12.3 cm, respectively). A meta-analysis indicated that
5% was the optimal application rate for soil remediation.*’
Thus, 1.5 kg of soil was placed into a container and combined
with 5% ZE, 5% BC, and 5% CO. The combination agent was
labeled as CO, which was a mixture of zeolite and biochar with
a weight ratio of 1:1.”° Soil without amendment was
designated as the control group (CK) for comparison
purposes. Three replicates were conducted. Thus, in total,
there were 12 pots, which were incubated at a 20 + 5%
moisture content by weight for 90 days. The soils were stored
in a chamber at 25 °C. After 90 days of incubation,
approximately 100 g of soil was collected from each container
for CEC, pH, EDTA extraction, and sequential extraction
determination.

4.3. EDTA Extraction. EDTA extraction is closely related
to toxic metals’ bioavailability to plants and other organisms.>’
Therefore, the EDTA extraction procedure was used to assess
the metals’ (Cd, Pb, and As) mobility and the efficiency of
remediation. The EDTA extraction was conducted in a 50 mL
centrifugal tube; 10 g of soil was mixed with 50 mL of 0.05
mol/L EDTA (pH = 7.0), and the mixture was shaken (180
rpm/min) for 2 h. After that, the mixture was filtered and
analyzed. The concentrations of metal in the filtrate were
determined by inductively coupled plasma mass spectrometry
(ICP—MS, Agilent 8800, SureCycler).

4.4. Sequential Extraction Procedure. After 90 days of
incubation, the BCR sequence extract procedure was adopted
to determine the metal form present in the soil sample under
treatment of different amendments.”' The following is a list of
the sequence extraction procedures performed on the soil
metals.

4.4.1. F1—Acid Extractable Fraction. Soil (1.0 g; through a
#100 sieve)was extracted with 40 mL of 0.11 mol/L acetic acid
with continuous shaking for 16 h at 25 °C. Then, centrifuging
was performed at 3000 rpm for 2 h at room temperature,
filtering of the supernatant fluid, and saving for the next step of
the experiment.

4.4.2. F2—Reducible Fraction. The residual of F1 was
washed with deionized water and extracted with 40 mL of 0.5
mol/L hydroxylamine hydrochloride, with continuous shaking
for 16 h at 25 °C. Then, centrifuging was performed at 3000
rpm for 2 h at room temperature, filtering of the supernatant
fluid, and saving for the next step of the experiment.
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4.4.3. F3—Oxidizable Fraction. The residual of F2 was
washed with deionized water and extracted with 10 mL of
hydrogen peroxide with pH 2—3, with continuous digesting for
1 h at room temperature, and 1 h at 85 °C, respectively.
Ammonium acetate (50 mL, 1 mol/L) was added for
extraction with continuous shaking for 16 h at 25 °C. Then,
centrifuging was performed at 3000 rpm for 2 h at room
temperature, filtering of the supernatant fluid, and saving for
the next step of the experiment.

4.4.4. F4—Residual Fraction. The residual of F3 was
washed with deionized water and digested as the procedure of
total metal analysis.

4.5. Assessment of Immobilization. For single-metal
immobilization, the immobilization rate can be assessed by the
following equation

R % = M X 100%

(Co)
where R % is the immobilization rate; C is the extraction of
metal concentration in the control group; and C; is the
extraction of metal concentration in the treatment group.
However, there was no method for the assessment of the
remediation rate on multimetal-contaminated soil. Thus, the
TBT index and single BT index were used in this study for
immobilization assessment. The single BT has been defined as

BT =C X T,

where BT is single BT of metal; C; is the extraction of metal
concentration, and EDTA extraction result was used in this
study; T, is the toxic factor. The T, of Cd, As, and Pb was 30,
10, and 5, respectively.”” The T, for W was defined as 1 in the
previous study.”” The TBT was the sum of BT for each metal.

4
TBT = Z BT

i=1

where TBT is total bioavailable toxicity; four kinds of toxic
metals were considered in this study.

4.6. Scanning Electron Microanalysis. Scanning electron
microanalysis was used to compare the metal distribution in
the biochar surface before and after incubation. Fresh biochar
and biochar after incubation in CO treatment were treated for
scanning electron microscopy.'® The treatment details for the
sample could be checked in the reference.

4.7. Instrumental Analysis and Quality Assurance. All
chemicals were of analytical grade reagents, and all containers
were soaked in 5% HNO; for more than 24 h for cleaning.
ICP—MS was used for metal analysis. The standard sample
(GSB07) obtained from the Ministry of Environmental
Protection Standard Sample Research Institute was used for
quality control. The relative standard deviation of all elements
was <10% for the triplicated test, which means that the results
were following the requirements.
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