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Abstract

With the development of the mining and metallurgy industries, heavy metal emissions are rising and increasingly polluting
the soil. Heavy metals cause soil degradation, reductions in crop yield and quality, and the sustainability of land resources,
and threaten regional biodiversity and human health. Accordingly, soil heavy metal pollution and remediation are attract-
ing increasing global attention. Biochar is an excellent fixation agent that has been widely used in the remediation of heavy
metal-contaminated soils. In this study, the feasibility of biochar remediation was explored by adding various doses of it to
contaminated soil. Five treatments were explored: contaminated soil (controls), and contaminated soil with biochar doses of
1%, 2%, 4% and 10%. The influences of biochar on the forms and contents of soil heavy metals and microbial activity were
determined. Biochar was found to passivate heavy metals, reduce the contents of acid-soluble and reducible Cd, Pb, Cu, and
Zn, increase the contents of oxidizable and residual Cd, Pb, Cu, and Zn, increase soil basal respiration and microbial carbon,
reduce microbial respiration entropy, reduce fluorescein diacetate (FDA) hydrolase activity, and increase the activities of
dehydrogenase, catalase, and urease. Biochar clearly affected the forms and availability of heavy metals in red soil and soil
microbial activity. Biochar is an ideal conditioner for the remediation of heavy metal-contaminated red soil in mining areas,
for which the present study provides a theoretical basis and practical guidance.

Keywords Biochar - Cu, Pb, Cd and Zn pollution - Soil microbial biomass carbon - Soil basal respiration - Soil enzyme
activities

Introduction

With the rapid growth in industrial and agricultural pro-
duction, humans are increasingly exploiting the earth's
resources and our living environment (water, soil, gas, natu-
ral resources, etc.) is constantly deteriorating (Li and Yang
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2021). Soil is essential to human existence, yet is deterio-
rating due to the discharge of industrial waste, urban sew-
age and garbage, and the use of pesticides and fertilizers
containing heavy metals (Ren et al. 2021). Heavy metals
are the main pollutants affecting the quality of agricultural
land (Barsova et al. 2019). One investigation showed that
there were about 330 severe heavy metal pollution areas in
China with soil heavy metal contents seriously exceeding
normal levels (Huang et al. 2019). There are many causes
of soil heavy metal pollution, among which mining is one
of the main ones (Davis et al. 1991; Zhang et al. 2016).
Soil heavy metal pollution is characterized by concealment,
persistence, and irreversibility. Heavy metal pollution not
only reduces crop yields but also accumulates in the food
chain and affects human health (Mclaughlin et al. 1999).
Therefore, remediation of heavy metal-contaminated soil is
challenging (Lacalle et al. 2018). Commonly used reme-
diation technologies for contaminated soil can be divided
into three categories: physical remediation, chemical reme-
diation, and bioremediation (Ojuederie and Babalola 2017,
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Wang et al. 2020a, b, ¢; Xu et al. 2019a, b). Among them,
in situ passivation technology for the remediation of heavy
metal-contaminated soil has been widely studied because
of its low cost, simple operation, and ready popularization.
The selection of passivating agents is also important in soil
remediation. Passivators can be divided into inorganic and
organic passivators. At present, organic waste and biochar
are the most widely used organic passivators (Mohan et al.
2014).

Biochar is a solid substance made from crop straw, vari-
ous types of wood chips, and animal excrement subjected to
high-temperature pyrolysis and carbonization under com-
plete or incomplete hypoxia (Downie et al. 2012). Biochar
not only improves soil physical and chemical properties but
also contains an abundant pore structure, which provides
habitats for microorganisms. Since biochar has been applied
to agricultural production, many studies have shown that it
not only improves the living environment of microorgan-
isms but also enhances microbial activity (Zhu et al. 2017)
and increases the abundance and diversity of microbial com-
munities (Siedt et al. 2021). However, some studies have
found that polycyclic aromatic hydrocarbons (Quilliam et al.
2013), volatile organic compounds (Dutta et al. 2017), and
persistent free radicals can be produced during high-temper-
ature pyrolysis, which will have toxic effects on soil microor-
ganisms when biochar is applied to the soil (Tao et al. 2020).
Biochar also has a strong adsorption capability; it can adsorb
not only nutrients but also heavy metals, so it can be used for
the remediation of heavy metal-contaminated soil (Li et al.
2017). The remediation function of biochar in heavy metal-
contaminated soil has received much research attention. For
example, Liu et al. (2020) found that both biochar and modi-
fied biochar can remove cadmium, with the removal rate of
modified biochar being about 45% higher. Han et al. (2020)
found that the specific surface area of biochar made from
animal feces increased 3—6 times after treatment with NaOH,
and the adsorption capacity of uranium(VI) was significantly
increased. Biochar has many advantages as a potential soil
conditioner, such as low price, availability of raw materials,
multiple functions, and low pollution. It can remediate and
improve heavy metal-contaminated soil by improving the
soil’s physical and chemical properties and enhancing soil
fertility (Shaaban et al. 2018; Wang et al. 2019).

Large accumulations of ore in mining areas are easily
weathered and broken, releasing a large number of heavy
metals that penetrate into the soil and enter rivers with
rain runoff, causing soil and water pollution and seriously
affecting environmental and food safety. Accordingly, the
remediation of polluted mining areas is an urgent issue.
This study investigates the use of biochar as a conditioner
of contaminated soil. Through adsorption, complexation,
ion precipitation, and other physical and chemical reactions,
it may be able to change the availability of heavy metals,
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thus influencing soil microbial activity. Eventually, it may
improve soil environmental quality and help to remediate
heavy metal-contaminated soils. At present, many studies
on the biochar remediation of heavy metal-contaminated soil
have focused on the short-term removal of a single metal
(Sun et al. 2021; Kameyama et al. 2021). However, many
soils are contaminated with multiple heavy metals, espe-
cially in mining areas. It has also been found that the timing
of biochar application influences its long-term effective-
ness. Previous research has focused on the concentrations
and morphological changes of heavy metal pollutants dur-
ing the remediation process (Wang et al. 2020a, b, c; Xiao
et al. 2020). There has been little exploration of remedia-
tion effects with consideration of soil microbial activity. An
indoor pot experiment was conducted using contaminated
soil from Chengmenshan Copper Mine at the Nanchang
Institute of Technology in March 2020. In a 180-day indoor
experiment, different doses of biochar were added to the
contaminated soil to explore its effects on the forms and
contents of heavy metals and the levels of microbial activity.
The results provide a theoretical basis and practical guidance
for using biochar to remediate heavy metal-contaminated
soils.

Materials and methods
Materials

The tested soil was taken from the Chengmenshan Cop-
per Mine. Its basic physical and chemical properties were
as follows: pH=3.85, organic carbon=10.79 g-kg™", total
N=0.94 gkg™!, and total P=1.17 g-kg~'. The contents of
Cd, Pb, Cu, and Zn were 4.41 mg~kg‘1, 122.53 mg-kg‘l,
372.44 mg-kg™!, and 328.57 mg-kg~!, respectively. These
are all higher than the soil pollution risk-control values
for agricultural land stipulated in standard GB15618-2018
(2018).

Biochar was purchased from Sanli New Energy Com-
pany in Shangqiu. It was made with wheat straw under
anaerobic conditions at 350-500 C. The physicochemi-
cal properties of the biochar were: pH=10.35, organic
carbon =467.20 g-kg™!, total N=5.90 g-kg~!, total
P=14.43 g-kg™!, and total K=11.56 g-kg™!.

Experimental design

Five treatments were set up: 1) K (contaminated soil, as a
control), 2) KC1 (contaminated soil + 1% biochar), 3) KC2
(contaminated soil +2% biochar), 4) KC3 (contaminated
soil +4% biochar), and 5) KC4 (contaminated soil + 10%
biochar). According to the experimental design, the biochar
was applied to the contaminated soils at the same time and
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then mixed evenly. Some 1 kg of the mixture was placed in
each pot. Each treatment had five replicates, making a total
of 25 pots. The temperature in the incubation chamber was
26 +0.2 °C. The soil water content was adjusted daily with
ultrapure water to 60% of the soil saturated water content
by weight. After incubation for 180 days, the soil was col-
lected to analyze the soil microbial activity and the forms
and contents of heavy metals.

Methods
Forms and contents of heavy metals

The forms and contents of heavy metals in the soil were
determined by a modified European Community Bureau of
Reference (BCR) sequential extraction method (Quevauv
et al. 1993). A 1.00 g soil sample was weighed and added
into a 50 mL centrifuge tube, then the acid-soluble heavy
metals were extracted with 0.11 mol-L~" acetic acid, the
reducible heavy metals were extracted by 0.5 mol-L™!
NH,OH-HCI (pH =2.0), the oxidizable heavy metals were
extracted with 30% hydrogen peroxide and 1 mol-L~' ammo-
nium acetate, and the residual heavy metals were extracted
with 6 mol-L~" hydrochloric acid and 14 mol-L™" nitric acid.
Finally, inductively coupled plasma emission spectrometry
(ICP-MS) was used to identify the metals.

Soil microbial activity

Soil basal respiration was measured by the alkali absorption
method (Bolat 2019). Soil microbial carbon was determined
by chloroform fumigation-K,SO, extraction (Brookes et al.
1985). The soil respiratory quotient (¢CO,) was calculated
based on the soil basal respiration rate and soil microbial
biomass carbon content using the formula of Anderson and
Domsch (1993). The gCO, indicates the microbial biomass’s
efficiency in using effective carbon for biosynthesis and is
considered an important indicator of biological activity and
substrate quality (Wardle and Ghani 1995). Soil fluorescein
diacetate hydrolase activity was determined by the opti-
mized fluorescein diacetate lipid hydrolysis method (Adam
and Duncan 2001). Soil dehydrogenase activity was meas-
ured by the triphenyte trazoliumchloride reduction method
(Wittling et al. 1996). Soil catalase activity was measured
by potassium permanganate titration (Johnson and Temple
1964). Soil urease activity was determined by a colorimetric
method using brilliant phenol blue (Apha 1998).

Data analysis
The data were collated and plotted using Microsoft Excel

2013. SPSS 19.0 was used for a one-way ANOVA analysis of
differences between treatments. Least significant differences

were used with the significance level set at p <0.05. All data
are presented as means + standard deviation (n=35).

Results and discussion

Effects of different doses of biochar on the species
and contents of heavy metals in contaminated soil

The content of acid-soluble Cd was highest in control soil
(K) and was significantly lower by 71.20%, 65.60%, 65.47%,
and 64.80% in groups KC1, KC2, KC3, and KC4, respec-
tively. Hence, biochar application decreased the content of
acid-soluble Cd in soil (Table 1). The content of reducible
Cd was highest in controls and was significantly lower by
74.15%, 71.46%, 72.32%, and 68.66% in groups KC1, KC2,
KC3, and KC4, respectively. Hence, biochar application also
decreased the amount of reducible Cd in soil. The content
of oxidizable Cd was highest in KC4, and was significantly
lower than in controls in groups KC1 and KC2, by 36.88%
and 21.88%, respectively. Biochar addition increased the
amount of residual Cd in soil. The contents in KC1, KC2,
KC3, and KC4 were significantly higher than in controls, by
44.16%, 42.38%, 43.17%, and 39.92%, respectively.

The content of acid-soluble Pb was highest in controls
and was significantly lower, by 71.45%, 61.82%, 49.89%,
and 74.40%, in KC1, KC2, KC3, and KC4, respectively.
Hence, biochar application reduced the content of acid-sol-
uble Pb (Table 1). The reducible Pb content was highest in
controls and was significantly reduced, by 53.13%, 44.44%,
63.57%, and 76.00%, in KC1, KC2, KC3, and KC4, respec-
tively. Hence, biochar application reduced the reducible Pb
content. The content of oxidizable Pb was highest in KC4.
Compared with controls, its contents in KC1, KC2, KC3,
and KC4 were 17.83%, 16.93%, 20.53%, and 45.85% higher,
respectively. The contents of residual Pb were significantly
higher than in controls, by 10.97%, 23.54%, 18.51%, and
22.12%, in KC1, KC2, KC3, and KC4, respectively. Hence,
biochar addition increased the content of residual Pb.

The content of acid-soluble Cu was highest in con-
trols, and significantly lower, by 50.58%, 38.12%, 34.64%,
and 60.23%, in KC1, KC2, KC3, and KC4, respectively
(Table 1). The content of reducible Cu was highest in con-
trols and significantly lower, by 47.63%, 38.48%, 57.83%,
and 65.06%, in KC1, KC2, KC3, and KC4, respectively.
The content of oxidizable Cu was highest in KC1 and was
25.99% and 23.04% higher than in controls in KC1 and
KC4, respectively. Biochar addition increased the content
of residual Cu in soil; its contents in KC1, KC2, KC3, and
KC4 were significantly higher, by 14.95%, 33.55%, 37.85%,
and 32.70%, compared to controls, respectively.

The content of acid-soluble Zn was highest in controls
and was significantly lower, by 51.84%, 45.31%, 52.14%,
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Table 1 Effect of biochar on the speciation and content of heavy metals in contaminated soil

Oxidizable state (mg-kg™!)

Residual state (mg-kg™")

Heavy metal Treatment Acid-soluble state  Reducible state (mg-kg™")
(mgkg™)
K 0.750+0.011a 0.820+0.014a
KC1 0.216+0.011c 0.212+0.008¢c
Cd KC2 0.258 £0.009b 0.234+£0.017bc
KC3 0.259 +£0.009b 0.227+0.013bc
KC4 0.264+0.017b 0.257+0.014b
K 0.461+0.058a 22.494+0.828a
KC1 0.132+0.022b 10.544 +£0.349¢
Pb KC2 0.176 +£0.056b 12.498 £0.401b
KC3 0.231+0.036b 8.194+£0.440d
KC4 0.118+0.021b 5.399+0.335¢
K 52.308 +0.466a 55.905+1.285a
KC1 25.850+0.803¢ 29.276 +1.213bc
Cu KC2 32.367+£1.635b 34.390£1.938b
KC3 34.191+1.816b 23.576 +3.203¢
KC4 20.805+0.222d 19.532+1.371d
K 80.143+£0.319a 32.625+0.783a
KC1 38.596 +0.326¢ 19.877+0.411c
Zn KC2 43.833+0.997b 21.106 +0.268bc
KC3 38.356 +1.465¢ 23.141+0.924b
KC4 30.737£2.130d 23.529+1.552b

0.160+0.002a
0.101+0.003b
0.125+0.007b
0.135 +£0.004ab
0.177+0.005a
3.337+0.100b
3.932+0.102b
3.902+0.182b
4.022+0.099b
4.867+£0.548a
109.090+9.613b
137.440+4.523a
113.310+5.802b
101.190+2.946b
134.220+3.625a
17.438 +0.469¢
20.707 +0.159d
23.498 +0.667¢c
27.192+0.251b
32.605+0.622a

2.5224+0.040b
3.635+0.026a
3.590+0.019a
3.610+0.063a
3.528+0.025a
29.662 +0.569b
32.916+0.811ab
36.645+0.657a
35.153+0.570a
36.223+2.893a
121.080+4.081c
139.180+4.546b
161.700+3.726a
166.910+7.745a
160.670+5.277b
72.715+2.601d
87.260+2.223c
95.670+0.996b
103.210+£3.68%a
98.510+6.600ab

K: contaminated soil; KC1: contaminated soil + 1% biochar; KC2: contaminated soil +2% biochar; KC3: contaminated soil +4% biochar; KC4:
contaminated soil + 10% biochar. Data are displayed as means +SD (n=35). Different lowercases mean the significant difference between differ-

ent treatments at p <0.05. The same below

and 61.65%, in KC1, KC2, KC3, and KC4, respectively
(Table 1). The content of reducible Zn was highest in
controls and was significantly lower, by 39.07%, 35.31%,
29.07%, and 27.88%, in KC1, KC2, KC3, and KC4, respec-
tively. The content of oxidizable Zn was highest in KC4, and
its contents in KC1, KC2, KC3, and KC4 were significantly
higher than in controls, by 18.75%, 34.75%, 55.94%, and
86.98%, respectively. Hence, biochar application increased
the content of oxidizable Zn. The contents of residual Zn in
KC1, KC2, KC3, and KC4 were significantly higher than in
controls, by 20.00%, 31.57%, 41.94%, and 35.47%, respec-
tively. Biochar addition increased the content of residual Zn
in soil.

Effects of different doses of biochar on microbial
activity in contaminated soil

Effects on soil basal respiration

Soil basal respiration increased firstly and then decreased
with increases in biochar dose. The soil basal respiration of
each treatment was ranked KC1>KC4 > KC2 > K > KC3
(Fig. 1). Soil basal respiration in KC1 was significantly
higher, by 20.07%, compared with controls, but there were
no significant differences between KC2, KC3, and KC4.
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Fig.1 Effects of biochar on soil basal respiration in contaminated
soil. K: contaminated soil; KC1: contaminated soil+ 1% biochar;
KC2: contaminated soil+2% biochar; KC3: contaminated soil +4%
biochar; KC4: contaminated soil + 10% biochar. Data are displayed as
means+SD (n=35). Different letters indicate a significant difference
between treatments at p <0.05

Soil basal respiration in KC2 and KC3 was significantly
lower, by 15.29% and 20.67%, respectively, compared with
that of KC1. Hence, the application of low-dose biochar
(1%) significantly increased soil basal respiration.
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Fig.2 Effects of biochar on MBC in contaminated soil. K: contami-
nated soil; KCI1: contaminated soil+1% biochar; KC2: contami-
nated soil+ 2% biochar; KC3: contaminated soil +4% biochar; KC4:
contaminated soil+10% biochar. Data are displayed as means+SD
(n=5). Different letters indicate a significant difference between
treatments at p <0.05

Effects on soil microbial carbon

Soil microbial carbon increased with biochar dose. The
amount of soil microbial carbon in each treatment was
ranked KC4 > KC3>KC1>KC2>K (Fig. 2). Soil micro-
bial carbon in KC1, KC2, KC3, and KC4 were significantly
higher, by 22.75%, 11.93%, 29.70%, and 50.59%, respec-
tively, compared with controls. Soil microbial carbon in KC4
was significantly higher, by 34.55%, compared with that of
KC2. Hence, biochar application can increase soil microbial
carbon, with a high dose (10%) increasing it the most.

Effects on microbial respiration entropy (qCO,)

Microbial respiration entropy (¢qCO,) increased first and then
decreased with increases in biochar dose. The order of gCO,
in each treatment was KC1 > K >KC2 >KC3 >KC4 (Fig. 3).
The gCO, in KC3 and KC4 were significantly higher, by
23.41% and 24.75%, respectively, compared with controls,
and there was no significant difference between KC1 and
KC2. The gCO, of KC3 and KC4 was significantly lower,
by 29.43% and 30.66%, compared with KC1, respectively.
The application of high-dose biochar (10%) had the greatest
effect on gCO,.

Effects on soil enzyme activity

Soil FDA hydrolase activity decreased with
increases in biochar dose, with the treatments ranked
K>KC1>KC3>KC4>KC2 (Fig. 4A). FDA hydro-
lase activity in KC1, KC2, KC3, and KC4 was signifi-
cantly lower, by 18.83%, 34.78%, 25.84%, and 28.95%,

Treatments

Fig.3 Effect of biochar on microbial respiration entropy in con-
taminated soil. K: contaminated soil; KC1: contaminated soil+ 1%
biochar; KC2: contaminated soil+2% biochar; KC3: contaminated
soil+4% biochar; KC4: contaminated soil+ 10% biochar. Data are
displayed as means=+SD (n=>5). Different letters indicate a signifi-
cant difference between treatments at p <0.05

respectively, compared with controls, while that of KC2
was significantly lower, by 19.66%, compared with KC1.
Biochar application reduced FDA hydrolase activity, with
the medium dose (2%) having the greatest effect.

Soil dehydrogenase activity increased with
biochar dose, and the treatments were ranked
KC4>KC3>KC2>K>KCI (Fig. 4B). Dehydrogenase
activity in KC2, KC3, and KC4 were significantly higher,
by 24.00%, 27.68%, and 73.96%, respectively, compared
with controls. Low-dose biochar (1%) did not significantly
enhance dehydrogenase activity, while medium and high
doses (2%, 4%, 10%) did, with the high dose having the
best effect.

Soil catalase activity increased with biochar dose, and
the treatments were ranked KC4 > KC3 > KC2>K>KCl1
(Fig. 4C). Catalase activity in KC3 and KC4 was signifi-
cantly higher, by 90.25% and 251.21%, respectively, com-
pared with controls. Catalase activity in KC1 was signifi-
cantly lower, by 33.68%, compared with controls. Low-dose
biochar (1%) significantly decreased catalase activity,
while medium and high doses (2%, 4%, 10%) significantly
increased it, with the high dose (10%) having the greatest
effect.

Soil urease activity increased first and then decreased with
increases in biochar dose. Urease activity in each treatment
was ranked in the order of KC3>KC1 >KC2>K >KC4
(Fig. 4D). Urease activity in KC1 and KC3 was significantly
higher, by 9.54% and 57.72%, respectively, compared with
controls. Urease activity in KC4 was significantly lower, by
10.81%, compared with controls. Medium and low doses of
biochar (1%, 2%, 4%) increased urease activity, while the
high dose (10%) decreased it.

(]
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Fig.4 Effects of biochar on

the activities of FDA hydroly-
sis (A), dehydrogenases (B),
catalase (C), and urease (D) in
contaminated soil. K: con-
taminated soil; KC1: contami-
nated soil + 1% biochar; KC2:
contaminated soil + 2% biochar;
KC3: contaminated soil +4%
biochar; KC4: contaminated
soil + 10% biochar. Data are
displayed as means +SD (n=5).
Different letters indicate a
significant difference between
treatments at p <0.05
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Correlations between biochar application, microbial
activity, and heavy metal content

A correlation analysis was conducted on the biochar appli-
cation, microbial activity, and heavy metal content data
(Table 2).

Biochar application showed significant positive correla-
tions with soil microbial biomass carbon, the activities of
soil dehydrogenase and soil catalase, oxidizable-state Cd and
Zn, and residual-state Cd, Cu and Zn (p <0.01 or<0.05 in
all cases). It was negatively correlated with microbial res-
piration entropy, soil FDA hydrolase activity, acid-soluble-
state Cd, Pb, Cu and Zn, and reducible-state Cd, Pb and Cu
(»<0.01 or<0.05). Soil basal respiration showed positive
correlations with microbial respiration entropy and oxidiz-
able-state Cu (p <0.01 or <0.05), and negative correlations
with acid-soluble-state Pb and Cu, and reducible-state Zn
(p <0.05). Soil microbial biomass carbon was positively
correlated with soil dehydrogenase activity, soil catalase,
oxidizable-state Cu and Zn, and residual-state Cd, Pb, Cu
and Zn (p <0.01 or<0.05), and negatively correlated with
microbial respiration entropy, soil FDA hydrolase activity,
reducible-state Cd, Pb and Cu, and acid-soluble-state Cd,
Pb, Cu and Zn (p <0.01 or <0.05). Microbial respiration
entropy was positively correlated with soil FDA hydro-
lase activity and reducible-state Pb and Cu (p <0.05), and
negatively correlated with soil dehydrogenase activity, soil
catalase, oxidizable state Cd, Pb and Zn, residual state Pb,
Cu and Zn (p <0.01 or < 0.05). Soil FDA hydrolase activity
was positively correlated with acid-soluble-state Cd, Pb, Cu

* @ Springer

and Zn, and reducible-state Cd, Pb, Cu and Zn (p <0.01),
and negatively correlated with soil dehydrogenase activity,
residual-state Cd, Pb, Cu and Zn, and oxidizable-state Pb
and Zn (p <0.01). Soil dehydrogenase activity was positively
correlated with soil catalase, oxidizable-state Cd, Pb and Zn,
and residual-state Pb, Cu and Zn (p <0.01), and negatively
correlated with reducible-state Pb and Cu, and acid-soluble-
state Cu and Zn (p <0.01 or < 0.05). Soil catalase activity
was positively correlated with oxidizable-state Cd, Pb and
Zn and residual-state Pb, Cu and Zn (p <0.01 or <0.05),
and negatively correlated with reducible-state Pb and Cu,
and acid-soluble-state Cu and Zn (p <0.01 or <0.05). Soil
urease activity was positively correlated with residual-state
Zn (p <0.05) and negatively correlated with oxidizable-state
Cu (p<0.01).

Discussion

Heavy metals not only include elements with both strong
biotoxicity (Hg, Cd, Pb, Cr) and moderate biotoxicity (Zn,
Cu, Co, Sn) (Agostini et al. 2020). Studies have shown that
the mobility, toxicity, and bioavailability of heavy metals in
contaminated soil are not only related to the total amount of
heavy metals, but also to their speciation (Carbonell et al.
2011). According to the modified BCR extraction method
(Bolat 2019), heavy metals in soil can be in acid-soluble,
reducible, oxidizable, and residue states. Acid-soluble states
include exchangeable states and carbonate binding states,
which are readily absorbed by plants and can cause great
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harm. Reducible states are ferric and manganese oxide-
bound, which are readily absorbed by plants. Oxidizable
states include organic matter and sulfide-bound, which
are not readily used by plants. Residual states are strongly
combined with mineral lattices; they are not readily used
by plants and are less harmful. Acid-soluble and reducible
states are regarded as available states; the higher their con-
tents, the greater the environmental pollution. Wang et al.
(2020b) found that the effect of biochar on the passivation
rate of heavy metals varied with its addition amount. After
adding 3%, 5%, and 7% biochar to pig manure, the high-
est passivation rates of Ni, As, and Pb were observed in
the 5% biochar group, while 7% biochar caused the highest
passivation rates of Cd, Cr, Mn, and Zn. The results of this
study show that biochar can significantly reduce the con-
tents of Cd, Pb, Cu, and Zn in acid-soluble and reducible
states, and significantly increase the contents of Cd, Pb,
Cu, and Zn in oxidizable and residual states. The amount
of biochar applied was negatively correlated with the avail-
ability of heavy metals. This indicates that biochar can pas-
sivate heavy metals, which is consistent with the results of
many other studies (Ahmad et al. 2016; Igalavithana et al.
2017). Xu et al. (2019b) used macadamia nutshell biochar
to improve Cd- and Pb-spiked soils. Their study showed
that biochar application can reduce the availability of heavy
metals. The main reason can be attributed to biochar’s rich
pore structure, oxygen-containing functional groups, and
strong adsorption, which gives it a strong ability to adsorb
and fix heavy metals in soil and, thus, a passivation effect
(Igalavithana et al. 2017). Ahmad et al. (2016) proposed that
biochar's effect on heavy metals is not only due to physical
adsorption but also to various chemical reactions, such as
complexation, precipitation, and ion exchange. These physi-
cal and chemical reactions interact and, eventually, change
the forms of heavy metals. Meanwhile, biochar can also
promote the precipitable formation of heavy metals, which
will reduce the bioavailability of heavy metals and passivate
them, inhibit their transfer from soil to plants, inhibit the dif-
fusion and enrichment of heavy metals in the environment,
and reduce their environmental harm.

Soil microbial activity not only indicates soil quality and
fertility directly but also interacts with other soil organisms
to affect soil quality, thus affecting the agricultural produc-
tion and sustainability of soil ecosystems (Matgorzata et al.
2018). Soil basal respiration depends on soil microbial respi-
ration and is an important indicator of soil microbial activity
(Baath 1989). The results of this study show that low-dose
biochar addition significantly promoted basal respiratory
in contaminated soil, while medium-to-high-dose biochar
addition did not, which is consistent with many other stud-
ies (Li et al. 2019; Romero-Freire et al. 2016). This can
be attributed to the fact that biochar is a form of aromatic
carbon, which is extremely difficult for microorganisms to

use. As small amounts of biochar are added to the soil over
time, some of it degrades and becomes a carbon source for
microbes, thus improving microbial activity and enhancing
soil basal respiration (Prayogo et al. 2014). On the other
hand, the stress of heavy metals on soil microorganisms is
alleviated due to increases in biochar application. Micro-
organisms do not need to carry out additional respiration
to resist stress and, thus, soil respiration under high-dose
biochar application is not accelerated (Romero-Freire et al.
2016).

Soil microbial biomass carbon is not only the most active
part of soil organic carbon, but is also the most variable
component of soil and is an important indicator of the degree
of soil pollution (Giller et al. 1998). Soil microbial biomass
carbon directly reflects the number of soil microorganisms.
Martins Filho et al. (2021) found that biochar application
increased soil microorganism growth and microbial bio-
mass carbon content. This is consistent with the present
study, which showed that biochar application promoted
the microbial biomass carbon content of polluted soil in a
dose-dependent manner. This is mainly due to the porous
and alkaline characteristics of biochar, which can improve
the physical and chemical properties of soil and benefit
the survival and reproduction of microorganisms (Fowles
2007). In addition, biochar itself contains a small amount
of unstable carbon, which can provide additional nutrients
for the growth of microorganisms, provide favorable con-
ditions for their survival, promote their reproduction, and
increase soil microbial biomass carbon (Hamer et al. 2004).
Soil microbial biomass carbon showed a negative correlation
with heavy metal effectiveness. Hence, biochar application
can reduce the availability of heavy metals and increase the
microbial activity in the soil. At the same time, the micro-
bial abundance increases, leading to an increase in microbial
biomass carbon.

Soil microbial respiration entropy is the intensity of res-
piration per unit of microorganisms per unit time. It reflects
the ability of microorganisms to use the soil matrix and is
an indicator of microbial activity (Anderson and Domsch
1993). According to Odum ecosystem theory (Odum 1985),
the lower the microbial respiratory entropy, the more mature
and stable the environment is for microorganism survival. In
agricultural soil, gCO, values are inversely associated with
soil microbial activity. The better the soil quality, the lower
the gCO, value and the higher the soil microbial activity.
Higher gCO, values indicate lower soil microbial activity
due to the degradation of soil quality by overutilization, pol-
lution, and other reasons. The results of this study show
that microbial respiratory entropy decreased gradually with
increases in biochar application amount, indicating that
biochar application can create a more mature and stable
environment and alleviate the stress of heavy metals on soil
microorganisms.
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Soil enzyme activity determines the rate of soil metabo-
lism and indicates the strength and weakness of various bio-
chemical processes in soil (Gloria et al. 2021). FDA hydro-
lase exists widely in soil, mainly from the decomposition of
microbial cells and animal or plant residues (Schumacher
et al. 2015). Dehydrogenase plays a key role in catalyzing
the decomposition of organic matter and is also an important
indicator of soil organic matter content and microbial activ-
ity (Tan et al. 2017). Soil catalase is an indicator of soil aero-
bic microbial activity and reflects soil redox capacity (Qin
et al. 2020). Soil urease is the only enzyme directly involved
in the transformation of N-containing organic matter, and
its activity reflects the amount of nitrogen transformation
in soil (Jimenez et al. 2002). The results of this study show
that heavy metal stress caused stress responses in microor-
ganisms and accelerated their metabolism, thus enhancing
FDA hydrolase activity. Meanwhile, biochar application sig-
nificantly reduced FDA hydrolase activity, mainly because
it reduced the bioavailability of heavy metals. Hence, the
heavy metal stress response of soil microorganisms was
alleviated and their metabolic rate was reduced, ultimately
decreasing FDA hydrolase activity. Biochar application sig-
nificantly increased dehydrogenase activity, mainly because
biochar is stable and not readily mineralized (El-Naggar
et al. 2019). Therefore, it can enhance the decomposition
of organic matter in the soil, facilitate the decomposition
of organic carbon, and significantly promote dehydroge-
nase activity. Biochar application can also promote soil
catalase activity, mainly because it increases soil organic
matter, porosity, and aeration, changes the soil aggregate
structure, improves the habitat for microorganisms, and is
conducive to the growth and reproduction of aerobic micro-
organisms, thus improving catalase activity (Czimczik and
Masiello 2007). Some studies have also shown that biochar
addition improves soil urease activity (Berglund et al. 2004;
Tu et al. 2020). The reason may be that biochar provides a
nitrogen source and a substrate for the enzymatic reaction
of urease, thereby promoting urease activity (Berglund et al.
2004). On the other hand, biochar has a strong adsorption
capacity for soil nutrients, which is conducive to nitrogen
preservation and the formation of a "nitrogen pool", which
indirectly enhances urease activity (Tu et al. 2020). Accord-
ing to these facts, the interactions between biochar and soil
enzyme activity are complex. On the one hand, the large
surface area of biochar provides binding sites for enzymatic
reactions, thus improving soil enzyme activity. On the other
hand, the sustained release of biochar forms protective films
at these binding sites and plays a role in the adsorption and
retention of enzyme molecules, thus reducing the speed of
enzymatic reactions. The activities of soil dehydrogenase
and soil catalase showed negative correlations with heavy
metal availability, while soil FDA hydrolase activity showed
a positive correlation with it. After it is incorporated into the

* @ Springer

soil, the strong adsorptivity of biochar allows it to bind with
heavy metal ions from the soil by precipitation or complexa-
tion (Chen et al. 2020). Biochar can also activate or inhibit
soil microbial activity. It also provides a microenvironment
for enzymes, with different biochars providing different
microenvironments and enzymatic effects (Wu et al. 2022).
Some enzymes remain stable and highly active, while others
may be inactivated via changes in their molecular structure
or interactions with the microenvironment. These effects are
highly dependent on the surface properties of the biochar
and enzymes (Zhang et al. 2019). Therefore, biochar addi-
tion has different effects on different soil enzyme activities,
and the different kinds of microbial activity further affect
the passivation of heavy metals. Most studies have shown
that heavy metals are not only transferred to the human body
via the food chain, but also damage the local environment.
Therefore, biochar remediation is used in mining areas with
serious heavy metal pollution as it can reduce soil pollutant
concentrations while restoring the natural environment.

Conclusion

Biochar addition can passivate heavy metals, significantly
reduce the contents of Cd, Pb, Cu, and Zn in acid-soluble
and reducible states, and significantly increase the contents
of Cd, Pb, Cu, and Zn in oxidizable and residual states.
Biochar addition can increase soil basal respiration and soil
microbial carbon, decrease microbial respiration entropy and
FDA hydrolase activity, and increase the activities of soil
dehydrogenase, catalase, and urease. As a soil conditioner
added to heavy metal-contaminated soil, biochar not only
improves the soil nutrient content but also reduces the con-
tents of available heavy metals and passivates them, thus
improving soil microbial activity. Such effects are conducive
to the improvement and remediation of heavy metal-contam-
inated soil. The purpose of the present study was to provide
theoretical guidance for the management of contaminated
soil in mining areas. However, the optimal timing of biochar
remediation remains controversial. In the future, the long-
term effects of biochar application to soil need to be better
understood to determine the optimal application timeframe.
This will optimize biochar’s special functions of absorbing
and passivating heavy metals and provide a reference for the
remediation of heavy metal-contaminated sites.
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