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Abstract
Cadmium-contaminated soils are an urgent problem that needs to be solved in many countries and regions. In this study, a new 
heavy metal passivator, micro-nano nitrogen-doped biochar (Nm-NBC), was prepared by introducing nitrogen into biochar. 
Soybean was used as an experimental plant to compare the effects of corn straw biochar (CBC, not modified), ammonium 
chloride modified corn straw biochar (NBC), and micro-nano nitrogen-doped biochar (Nm-NBC) on the remediation of 
Cdcontaminated soil. The results showed that the biomass of soybean, pH, organic matter, and total nitrogen content of the 
Cd-contaminated soil significantly increased, and the available Cd in soil significantly reduced (P < 0.05) when CBC, NBC, 
and Nm-NBC were added. The effect was as follows: Nm-NBC > NBC > CBC; Nm-NBC had the best result. When 1% 
Nm-NBC added to the soil, the Cd content in beans reduced by 68.09%. BET, FTIR, XPS, and SEM were used to analyze 
the characteristics of Nm-NBC and its mechanisms in the remediation of Cd-contaminated soils. The results showed that 
Nm-NBC had larger specific surface area and abundant functional groups; -COOH and graphitic nitrogen in Nm-NBC can 
form Cd–O bond and Cd-π with Cd(II) in the soil. Therefore, Nm-NBC prepared by introducing nitrogen into biochar has a 
promising application in the remediation of Cd-contaminated soil.
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Introduction

Cadmium (Cd) is one of the most toxic heavy metals, and 
Cd-contaminated soils are a major problem in India, Thai-
land, China, and other countries (Hamid et al. 2022). Cd in 
the soil has serious negative effects on microbial abundance, 
biogeochemical cycles, and enzymatic activities (Huang 
et al. 2021; Suhani et al. 2021), and Cd can enter the human 
body through the food chain, which will cause inflammation, 
autoimmune diseases, and organ failure (Popov et al. 2021). 

Therefore, the remediation of Cd-contaminated soils is an 
urgent problem to be solved.

For heavy metal contaminated soils, in situ remediation 
is a suitable technique through the use of amendments or 
fixatives in polluted soil, and the mobility and bioavailability 
of pollutant elements can be inhibited (Chen et al. 2021a, 
b; Bolan et al. 2014). As one of the passivators, biochar is 
widely used in the remediation of heavy metal-contaminated 
soil due to its large specific surface area and abundant func-
tional groups. However, the effect of the original biochar on 
heavy metal-contaminated soil is not good, and it is neces-
sary to improve the properties of origin biochar by using 
physical or chemical methods. Nitrogen (N) is one of the 
essential elements for crops. Nitrogen-rich biochar can also 
be used as a slow-release fertilizer to increase organic mat-
ter and total nitrogen content in the soil and improve crop 
yields (Chen et al. 2017; Li et al. 2022). In addition, previous 
studies have shown that nitrogen doping can promote the 
polarization of π electrons on the surface of biochar, gener-
ate more π electron-rich and π electron-deficient adsorption 
sites, and enhance the adsorption capacity of biochar for 
Cu(II) and Cd(II) (Yu et al. 2018a, b).
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Corn straw is a common agricultural waste. According to 
statistics, the total annual output of corn straw in the world 
is 203 million tons, but the utilization of corn straw is only 
2/3 (Ramanayaka et al. 2020). At present, he preparation 
of biochar from corn straw with pyrolysis technology can 
not only solve the problem of biomass resources waste, but 
also improve the utilization of biochar on the remediation of 
heavy metal contaminated soil and soil fertility (Zong et al. 
2021). In this study, corn straw and soybean were used as 
research objects, and the characteristics of nitrogen-doped 
corn straw biochar and the mechanisms of Cd-contaminated 
soil remediation by micro-nano nitrogen-doped biochar were 
discussed.

Materials and methods

Preparation of biochar

Corn straw was purchased in Lianyungang (Jiangsu Prov-
ince, China) and washed with deionized water, then dried 
in an oven (60 °C) for 24 h. Thirty grams of corn straw was 
added with 1.5 g·L−1 of ammonium chloride solution and 
soaked for 4 h and then placed in an oven (60 °C) for drying 
for 24 h. Corn straw and ammonium chloride–modified corn 
straw were placed into a muffle furnace for pyrolysis under 
the protection of  N2 at 800 °C (2 h), and then corn straw 
biochar (CBC) and ammonium chloride–modified corn straw 
biochar (NBC) were obtained. Put a certain quality of NBC 
into a grinding bowl and ground for 5 min; the micro-nano 
nitrogen-doped corn straw biochar (NBC, < 0.074 mm) was 
screened out with a 200-mesh standard sieve.

Characterization of biochar

Brunauer–Emmett–Teller (BET) surface area of corn straw 
biochar, nitrogen-modified corn straw biochar, and micro-
nano nitrogen-doped corn straw biochar were performed 
using Tristar II 3020 (McMerritik Instruments, USA). The 
surface functional groups of biochar were determined by 
Fourier transform infrared spectrometer Nicolet 6700 (FTIR, 
Thermo Fisher Scientific, USA) in the wavelength range of 
4000–550  cm−1. The surface chemistry of the micro-nano 
nitrogen-doped corn straw biochar before and after adsorption 
of Cd(II) was analyzed by X-ray photoelectron spectrometer 
ESCALAB 250Xi (XPS, MacMeratic Instruments, USA). 
Supra55 (SEM, Carl Zeiss AG, Germany) was used to observe 
the surface morphology of micro-nano nitrogen-doped bio-
char-adsorbed Cd(II). The pH of the biochar was measured by 
ST2100 (pH Meter, Ohaus, USA) (biochar: water = 1:20, w/v).

Pot experiment

Soybean (Yujiaolong Tezao 50, China) was used as an 
experimental plant to confirm the effects on the remedia-
tion of Cd-contaminated soil. The experimental pots (16 cm 
in diameter, 12 cm in height) were filled with 1 kg of dry 
soil, and 1% corn straw biochar (CBC), nitrogen-doped corn 
straw biochar (NBC), and micro-nano nitrogen-doped corn 
straw biochar (Nm-NBC) were added, respectively. All these 
treatments were divided into 5 groups: YW (uncontaminated 
soil), YW-Cd (Cd-contaminated soil), CBC, NBC, and Nm-
NBC. Before sowing soybean seeds, the 70% of maximum 
water holding capacity of soil was maintained by deionized 
water. The soybean seeds (Tezao 50) with uniform size were 
selected, soaked in 75% alcohol for 1–2 min, soaked in 1% 
sodium hypochlorite for 4 min, and rinsed with sterile deion-
ized water. After the seedlings were sprouted, 5 soybean 
seedlings with consistent growth were kept, and other soy-
bean seedlings were removed. During the whole experiment, 
each pot was watered with 200 mL of deionized water every 
day to keep the soil moisture maintained at about 70% of the 
maximum water holding capacity in the field. All the treat-
ment groups were sheltered by a canopy outside, maintained 
normal light, and changed the position of flowerpots every 
3 days to ensure that the flowerpots of different treatment 
groups could obtain the same light level.

Physical and chemical properties of soil

The soil organic matter (SOM) was determined by potassium 
dichromate oxidation-oil bath heating. Total nitrogen in soil 
was determined by the Kjeldahl method, and the soil pH was 
measured using a pH meter.

Characterization of Cd species in the soil

The total Cd in the soil was determined with flame atomic 
absorption spectrometry after microwave digestion. The 
available Cd in the soil was extracted by DTPA (diethylen-
etriaminepentaacetic acid) and determined by flame atomic 
absorption spectrometry. The BCR (Bureau Community 
of Reference) sequential extraction was used in the chemi-
cal speciation analysis of Cd in the soil and divided into 
exchangeable fraction, oxidizable fraction, reducible frac-
tion, and residual fraction (Shi et al. 2018).

Cd content in various organs of soybean

The mature soybeans were divided into roots, stems, leaves, 
and beans (including pods) and then dried at 80 °C to con-
stant weight. Ground all parts of soybeans and pass them 
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through a 60-mesh standard sieve. Weigh 0.25 g of the pow-
der, transfer it to a PTFE digestion tube, and add 2 mL HF, 
2 mL  HNO3, and 5 mL  H2O2 (30%). Put it into a microwave 
digestion system (Mars6, CEM, USA) for digestion. After 
the digestion completed, the liquid was filtered into a 25-mL 
colorimetric tube, diluted with deionized water to volume, 
and mixed, and then the Cd concentration in the solution 
was determined by flame atomic absorption spectrometry.

Statistical analysis

The experimental data were analyzed by Microsoft Excel 
2010 and SPSS 26.0 software. The significant differences 
were further analyzed by one-way analysis of variance 
(P < 0.05).

Results and discussion

Effects of different biochar on soil organic matter 
and total nitrogen content

Organic matter and soil total nitrogen content are impor-
tant indicators of soil fertility, and biochar can improve soil 
organic matter and total nitrogen content (Riaz et al. 2017). 
From Fig. 1a, after 1% CBC, NBC, and Nm-NBC were 
added to the Cd-contaminated soil, the soil organic matter 
content in the soil increased from 28.43 to 31.80, 37.53, 
and 38.67 g  kg−1, respectively. The pore structure of bio-
char itself can adsorb organic molecules, and it is easier for 
organic small molecules to polymerize into organic matter 
and increase the content of soil organic matter. 

The variation of total nitrogen content in the soil was 
shown in Fig. 1b. When 1% CBC, NBC, and Nm-NBC were 

added to the Cd-contaminated soil, the total nitrogen content 
in soil increased from 1.58 to 1.69, 1.98, and 2.03 g  kg−1, 
respectively. Xiu et al. (2021) reported that biochar can 
improve the nitrogen fixation capacity of soybean, thus 
increasing the total nitrogen content in soil. The nitrogen 
content of Nm-NBC and NBC itself is much higher than that 
of CBC, so it can more effectively improve the total nitrogen 
content of the soil.

Effects of different biochar on soil pH

The variation of soil pH will directly affect the soil clay, soil 
organic, inorganic colloids, and the adsorption capacity of 
Cd(II), thereby further affecting the migration and transfor-
mation of Cd in soil. Therefore, it is necessary to study the 
effects of different biochar on soil pH. From Fig. 2, after 1% 
CBC, NBC, and Nm-NBC were added to the Cd-contami-
nated soil, the soil pH increased by 0.10, 0.21, and 0.28 at 
20 days, respectively. The increase in the pH value of these 
groups was due to the fact that the corn straw biochar itself 
was alkaline. After being added to the soil, its own alkaline 
substances were released into the soil and increased the pH 
value of the soil (Chen et al. 2021a, b). The change of pH 
value in Nm-NBC group was the largest that it was due to 
the smaller particle size of biochar, more evenly dispersed in 
the soil, and more alkaline substances released into the soil.

Effects of different biochar on Cd species in soil

The Cd accumulated by plants depends on the concentra-
tion of available Cd and exchangeable Cd in the soil, and 
it is usually related to soil pH and soil organic matter (Liu 
et al. 2018). As shown in Fig. 3a, after 1% CBC, NBC, and 
Nm-NBC were added to the Cd-contaminated soil, the soil 

Fig. 1  Effects of different biochar on soil physical and chemical prop-
erties: a organic matter; b the total nitrogen. YW-Cd, control group; 
CBC, corn straw biochar group; NBC, nitrogen-doped biochar group; 

Nm-NBC, micro-nano nitrogen-doped biochar group. Different letters 
indicate significant dsifferences (P < 0.05)
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pH increased, and the available Cd in the soil decreased by 
0.76, 0.97, and 1.09 mg  kg−1, respectively, after 50 days. 
On the 50th day, the pH values in the experimental groups 
were Nm-NBC > NBC > CBC > YW-Cd, respectively, which 
were opposite to the available Cd level in the soil. This was 
because the increase of soil pH in the experimental group 
affected the migration and transformation of available Cd in 
the soil, making it change to an inactive or fixed state.

As shown in Fig. 3b, the change of exchangeable Cd and 
reduced Cd in the experimental groups were the major com-
pared with the control group. The percentage of exchange-
able Cd content in experimental groups decreased by 5.2%, 
10.8%, and 15.8%, and the reduced Cd content increased 
by 3.0%, 5.9%, and 12.8% compared with the control 
group, respectively. It can be concluded that the changes 
of Cd species in the experimental groups were mainly the 

Fig. 2  Effect of different 
biochar on soil pH. YW-Cd, 
control group; CBC, corn straw 
biochar group; NBC, nitrogen-
doped biochar group; Nm-NBC, 
micro-nano nitrogen-doped 
biochar group. Different letters 
indicate significant differences 
(P < 0.05)
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Fig. 3  Effects of different biochar on Cd species in soil: a available 
Cd in soil; b percentage of Cd species in soil. YW-Cd, control group; 
CBC, straw biochar group; NBC, nitrogen-doped biochar group; Nm-
NBC, micro-nano nitrogen-doped biochar group. EXF, exchangeable 
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transformation of exchangeable Cd and reduced Cd com-
pared with the control group. The content of exchangea-
ble Cd in soil was mainly related to soil pH value and soil 
organic matter. The pH value of the experimental groups was 
Nm-NBC > NBC > CBC, and the content of exchangeable 
Cd in the soil was Nm-NBC < NBC < CBC. This is because 
the increase of soil pH will promote the increase of negative 
charge on soil surface and enhance the adsorption of Cd. In 
addition, the increase of soil pH will lead to the hydroxide 
of Cd, which has a stronger affinity with the soil adsorption 
site than the free Cd ions. The increase of soil pH also leads 
to an increase of  OH− in soil solution. Cd(II) can combine 
with  CO3

2− and  OH− to form insoluble Cd carbonate and 
Cd hydroxide precipitation, resulting in the decrease of 
exchangeable Cd content in soil. Therefore, the increase of 
pH in soil will reduce the content of exchangeable Cd and 
increase the content of reduced Cd.

Effects of different biochar on soybean biomass 
and Cd content in soybean organs

Biochar has lots of advantages, and it can promote the pho-
tosynthesis of soybeans; the absorption of nitrogen, phos-
phorus, and potassium; the growth of plants; and the yield of 
crops. Soybean is an important global source of protein and 
edible oil, but it is a sensitive to Cd pollution. If expose to 
excessive Cd, it will inhibit the growth of soybean, and Cd 
in the seeds will be far higher than the security value (Zhan 
et al. 2019). The risk of Cd accumulation in soybeans has 
got a great concern, so soybeans were selected to carry out 
the experiment.

From Fig. 4a, there is a comparison between the YW 
group (non-Cd-contaminated) and the YW-Cd group, 
which indicates that the growth of soybeans and the effect 

of the biomass of soybeans had been inhibited by Cd pol-
lution. This is because Cd is a powerful enzyme inhibitor. 
The accumulation of Cd in plants leads to mitochondrial 
degeneration, abnormal mitosis, and chromosomal abnor-
mality; affects cell cycle activity and catalytic and metabolic 
processes; and changes in gene and protein expression by 
blocking some essential enzymes (Kapoor et al. 2021). After 
adding 1% CBC, NBC, and Nm-NBC in the YW-Cd group, 
the biomass of soybean root had no significant change, but 
the aboveground biomass of all soybeans increased. Com-
pared with the YW-Cd group, the aboveground biomass 
of soybeans in the CBC group, NBC group, and Nm-NBC 
group had an increase of 6.71%, 7.04%, and 11.88%, respec-
tively, which indicated that the addition of biochar and nitro-
gen-doped biochar is beneficial to the growth of soybean. 
Nitrogen-doped biochar is beneficial to fungi and bacteria 
that are beneficial to the nitrogen accumulation of root (Yu 
et al. 2018a, b). The plant height, stem diameter, and leaf 
area of corn grown in micro-nano nitrogen-doped biochar 
group were significantly increased, compared with the other 
experimental groups (Yang et al. 2020).

From Fig. 4b, after 1% CBC, NBC, and Nm-NBC were 
added to the Cd-contaminated soil, there was only a sig-
nificantly different between the Cd content in the roots of 
the Nm-NBC group and YW-Cd group, and the Cd con-
tent in roots of the YW-Cd group decreased from 1.10 to 
0.78 mg  kg−1. The Cd content in the stem of the YW-Cd, 
CBC, NBC, and Nm-NBC groups was significantly dif-
ferent from the control group. Among them, Nm-NBC 
biochar had the best results, which could reduce the Cd 
content in the stem of the YW-Cd group from 1.09 to 
0.24 mg  kg−1. Comparing the Cd content in soybean leaves 
between the experimental group and the control group, 
there were significant differences between Cd content in 

Fig. 4  Effects of different biochar on soybean: a soybean biomass; b 
Cd content in various organs of soybean. YW, no Cd-contaminated 
group; YW-Cd, control group; CBC, straw biochar group; NBC, 

nitrogen-doped biochar group; Nm-NBC, micro-nano nitrogen-
doped biochar group. Different letters indicate significant differences 
(P < 0.05)
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the leaves of the YW-Cd group and the CBC, NBC, and 
Nm-NBC groups, and the Cd content in the leaves of the 
Nm-NBC group was the lowest (0.03 mg  kg−1). The Cd 
content in soybean seeds was significantly different among 
the YW-Cd, CBC, NBC, and Nm-NBC groups. Nm-NBC 
biochar also had the best results, which could reduce the 
Cd content of soybean seeds in the YW-Cd group from 
0.79 to 0.26 mg  kg−1.

When biochar was added to Cd-contaminated soil, the 
soil pH increased, and Cd can be attached to the surface 
adsorption site of biochar through physical adsorption, 
ion exchange, and surface complexation and prevented the 
transfer of Cd from soil to soybean. Because of its larger 
specific surface area, richer functional groups, and higher 
content of micropores, Nm-NBC has a better passivation 
effect on Cd in the soil and Cd transfer into soybeans.

Characterizations of biochar

The ability of biochar to immobilize heavy metals in soil is 
closely related to the specific surface area, micropore struc-
ture, functional groups, and pH of biochar (Lv et al. 2021). 
BET, X-ray photoelectron spectroscopy, scanning electron 
microscopy, and energy electron spectroscopy-area scanning 
were used to analyze the specific surface area, microporous 
structure, and functional groups and indicated the mecha-
nism of Nm-NBC immobilizing Cd in soil.

BET

BET can measure the total area of a unit mass of a sub-
stance according to the pore size of the substance’s surface 
to accommodate the gas. The BET results of Nm-NBC and 
CBC showed that the specific surface area of Nm-NBC 
was 336.17  m2  g−1, which was 78 times that of CBC (4.27 
 m2  g−1). By comparing the pore size distribution of NBC 
and Nm-NBC, it was found that the pore size distribution of 
Nm-NBC was more uniform, most of which were concen-
trated at about 1.8776 nm, and the numbers of micropores 
were more than that of NBC.

FTIR

The infrared spectra (400–4000  cm−1) of CBC and NBC 
were shown in Fig. 5. The band range 650–850   cm−1 is 
related to the aromatic structure. The signal at 1081  cm−1 
was attributed to the C-O and C–C groups (Yin et al. 2019). 
The peak at 1576  cm−1 was assigned to the C = N group 
(Zhang et al. 2022). The peaks at 3481  cm−1 were assigned 
to the -N–H and -OH groups’ bending vibrations (Sridhara 
Chary et al. 2008).

Corn straw contains more natural pores, which can absorb 
some ammonia nitrogen in water during impregnation. The 
electronegativity of biochar and the number of functional 
groups will change when nitrogen element is doped into 
the biochar (Kasera et al. 2021). Therefore, compared with 

Fig. 5  Infrared spectra of NBC 
and CBC
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CBC, the infrared spectrum peaks of NBC are gentler. How-
ever, at 3481  cm−1, NBC has stretching vibrations of -N–H 
and -OH, which indicates that the biochar prepared by dop-
ing corn straw with ammonium chloride contains a certain 
number of amino or hydroxyl functional groups. Xi et al. 
(2015) also proved that lone pair electrons provided by N 
atoms in C-N functional groups can combine with Cd(II) to 
produce a complexation reaction, increasing the adsorption 
capacity of biochar for Cd(II).

XPS

XPS (X-ray photoelectron spectroscopy) can be used for quali-
tative analysis of elemental composition, ion valence state, and 
molecular structure of biochar surface. The X-ray photoelectron 
spectra of C1s before and after adsorption of Cd(II) on Nm-NBC 
are shown in Fig. 6a. The C1s spectra of Nm-NBC before Cd(II) 
adsorption had a peak at 284.15 eV, 285.48 eV, and 286.77 eV, 
respectively, and the corresponding functional groups are C/C-
N, -C–OH/C-(O)-C, and O-C = O/C≡N (Zhang et al. 2015, 
2019; Zhu et al. 2019). The C1s spectra of adsorbed Cd(II) on 

Nm-NBC had a peak at 284.26 eV and 285.88 eV, respectively, 
and the corresponding functional groups are C/C-N (Wang et al. 
2020) and -C–OH/C-(O)-C (Kasera et al. 2021).

The X-ray photoelectron spectra of O1s before and after 
adsorption of Cd(II) on Nm-NBC are shown in Fig. 6b. 
The O1s spectra of Nm-NBC before Cd(II) adsorption had 
a peak at 532.50 eV and 534.67 eV, respectively, and the 
corresponding functional groups are C = O and –COOH 
(Kasera et al. 2021; Wang et al. 2020; Zhou et al. 2007); 
the O1s spectrum of Nm-NBC after adsorption of Cd(II) 
had a peak at 531.83 eV, and the corresponding functional 
group is C = O. X-ray photoelectron spectra of N1s before 
and after nm-NBC adsorption of  Cd2+ are shown in Fig. 6c. 
N1s before Nm-NBC adsorption of Cd(II) had a peak at 
398.64 eV, 400.12 eV, and 401.36 eV, respectively, and 
the corresponding functional groups are pyridine nitro-
gen, pyrrole nitrogen, and graphite nitrogen (Kubier et al. 
2019); the spectra N1s of Nm-NBC adsorbed Cd(II) had 
a peak at 398.11  eV and 400.36  eV, respectively, and 
the corresponding functional groups are pyridine nitro-
gen and pyrrole nitrogen (Kasera et al. 2021). The X-ray 

Fig. 6  X-ray photoelectron spectra of Nm-NBC before and after adsorption of Cd(II)
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photoelectron spectrum of Cd3d after adsorption of Cd(II) 
on Nm-NBC was shown in Fig. 5d. The spectrum of Cd3d 
before adsorption of Cd(II) on Nm-NBC had a peak at 
405.98 eV and 412.55 eV, respectively, corresponding to 
 Cd3d5/2 and  Cd3d3/2 (Liang et al. 2017).

Above all, after Nm-NBC adsorbed Cd(II), some peaks 
of functional groups such as -COOH and graphitic nitrogen 
moved or disappeared. Combined with Fig. 6, it can be further 
concluded that -COOH in Nm-NBC is involved in the forma-
tion of Cd–O bonds, and the graphitic nitrogen in Nm-NBC 
also participated in the formation of Cd-π (Chen et al. 2018).

SEM

SEM (scanning electron microscope) can observe the sur-
face morphology of biochar samples. EDS (energy disper-
sive spectroscopy) can analyze the elemental composition 
of biochar microregion. Therefore, the adsorption mecha-
nism of Nm-NBC on Cd(II) was further analyzed by X-ray 
photoelectron spectroscopy, scanning electron microscope, 
and energy electron spectrum-surface scanning.

It can be seen from Fig. 7 that there are many irregular 
crystals on the SEM of Nm-NBC. Combined with the SEM 
mapping after biochar adsorbed Cd(II), it can be inferred 
that the Cd(II) and functional groups on the surface of Nm-
NBC complexed and fixed on the surface of biochar after 
Nm-NBC was added to the Cd solution. It can also be seen 
from SEM mapping and energy spectrum of Nm-NBC after 
the Cd(II) adsorption by NBC that nitrogen element was also 
successfully doped into Nm-NBC.

Mechanisms of Cd‑contaminated soil remediation 
by Nm‑NBC

From Fig. 8, Nm-NBC, a new heavy metal passivator, has larger 
specific surface area, stronger adsorption capacity for Cd(II), 
and more amino or hydroxyl functional groups compared with 

CBC and NBC. The main mechanisms of Cd-contaminated 
soil remediated by Nm-NBC are that hydroxyl or carboxyl 
functional groups in Nm-NBC complexed with Cd(II) to form 
Cd–O bond. In Nm-NBC, pyridine nitrogen, pyrrole nitrogen, 
and graphite nitrogen complexed with Cd(II) to form Cd-π 
bond;  CO3

2− in Nm-NBC precipitates with Cd(II) to form 
 CdCO3. In addition, Cd(II) will be also exchanged with cations 
in Nm-NBC and attached to the surface of biochar.

Conclusion

The main purpose of this study was to investigate the effects of 
particle size and nitrogen doping biochar on the remediation 
of Cd-contaminated soil. The results showed that the biomass 
of soybeans increased when CBC, NBC, and Nm-NBC pas-
sivators were added to Cd-contaminated soil, and the biomass 
of soybean in the Nm-NBC group significantly increased by 
11.88% (P < 0.05). The increase of soybean biomass was related 
to the changes in soil’s physical and chemical properties. It was 
found that adding biochar to the Cd-contaminated soil could 
increase the pH, organic matter, and total nitrogen content of 
soil, and the effect was in the order of Nm-NBC > NBC > CBC. 
In addition, the addition of passivator significantly reduced 
(P < 0.05) the content of available Cd in the soil and pro-
moted the conversion of exchangeable Cd to reduced Cd in 
the soil, and the improvement effect was in the order of Nm-
NBC > NBC > CBC; Nm-NBC had also the best result. The 
addition of 1% Nm-NBC to Cd-contaminated soil can effec-
tively reduce the Cd content in soybean seeds by 68.09%.

In order to further study the mechanism of Cd-contaminated 
soil remediated by these passivators, these biochars were char-
acterized and analyzed, and it was found that the specific sur-
face area, micropore structure, and functional groups of these 
biochars were quite different. The results of BET showed that 
Nm-NBC had more micropores and larger specific surface area 
among them, and most of the pores were about 1.8776 nm in 
diameter; the specific surface area of Nm-NBC was 336.17 

Fig. 7  SEM and TEM of Nm-NBC
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 m2  g−1, and it was 78.73 times as much as that of CBC (4.27 
 m2  g−1). The XPS results of before and after adsorption Cd(II) 
by Nm-NBC showed that functional groups O-C = O/C≡N, 
-COOH, pyridine nitrogen, and pyrrolic nitrogen in Nm-NBC 
participated in the formation of Cd–O bonds; the functional 
group graphitic nitrogen participates in the formation of Cd-π 
bonds. SEM mapping also confirmed the successful doping of 
N element into Nm-NBC and the presence of complexes with 
Cd(II) on the Nm-NBC surface. Therefore, Nm-NBC prepared 
by introducing nitrogen element into biochar has a promising 
application in the remediation of Cd-contaminated soil.
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