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Phosphorus‑modified biochar from salvia 
miltiorrhiza dregs: synthesis, characterization, 
and dual‑functional synergy for heavy metal 
immobilization and soil fertility augmentation
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Abstract 

Phosphorus-modified biochar (3K-BC) was prepared from Salvia miltiorrhiza dregs via phosphate modification 
and applied for lead (Pb) and cadmium (Cd) removal from aqueous solutions and soil. The successful incorporation 
of orthophosphate into the biochar was confirmed by 31P NMR and other analytical techniques. Solution-based 
experiments showed that 3K-BC followed pseudo-second-order kinetics and best fitted the Langmuir isotherm 
model, indicating multiple chemical adsorption processes. The maximum adsorption capacities for Pb and Cd were 
361.82 and 123.03 mg g−1, respectively. The adsorption mechanism involved physical adsorption, precipitation, com-
plexation with oxygen-containing functional groups, and cation exchange. Soil experiments demonstrated that 3K-BC 
significantly reduced heavy metal (HM) bioavailability, with greater reductions at higher application rates. Speciation 
analysis revealed a decrease in the acid-soluble fraction of Pb and Cd, while their stable, residual forms increased, 
effectively reducing metal mobility. Further confirmation was obtained through pot experiments, which showed 
that the application of 3K-BC increased the yield of Ligusticum chuanxiong by 61% and promoted its growth. In 
addition, the concentration of ligustilide increased from 24.24 to 29.63 mg g−1. Under the condition of HM pollution, 
the total effective components of Ligusticum chuanxiong in the experimental group increased by 22.1%. This study 
provides a simple and effective strategy for remediating Pb- and Cd-contaminated water and soil while simultane-
ously recycling agricultural waste, thereby serving a dual purpose.

Highlights

•	 Phosphorus-modified biochar (3K-BC) adsorbs 361.82 mg g−1 Pb and 123.03 mg g−1 Cd.
•	 3K-BC cuts Pb/Cd bioavailability by 93%, stabilizing metals and reducing ecological risk.
•	 3K-BC boosts Ligusticum chuanxiong yield by 61% while limiting heavy metal uptake.
•	 Converting herbal residues into biochar supports pollution control and soil fertility.
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1  Introduction
The current global concern surrounding the issue of HM 
pollution of the environment, particularly in the form of 
wastewater and soil contamination, can be attributed to 
the persistence and toxicity of these substances. Statisti-
cal evidence indicates that HMs have contaminated 40% 
of the world’s rivers and lakes (Zhou et  al. 2020). Con-
currently, approximately 2.3  billion individuals residing 
in disparate global regions are afflicted with waterborne 
illnesses due to the consumption of contaminated water, 
and the majority of these cases are from developing 
countries (Wang and Yang 2016). Industrial wastewater 
is a significant source of soil contamination, which pre-
sents a considerable risk to human health. It is estimated 
that 9  million people died prematurely from diseases 
associated with pollution in 2015, accounting for 16% of 
all global deaths (Landrigan et al. 2018). Soil contamina-
tion exceeds 16.1% of the threshold, while HMs exceed 

1.1% (Cr), 7.0% (Cd), 2.7% (As), 1.5% (Pb) and 1.6% (Hg) 
respectively (Zhao et al. 2022). Plants absorb toxic metals 
from the soil during their growth process, and these met-
als may accumulate in the human body through the food 
chain, potentially causing serious human health prob-
lems. Ligusticum chuanxiong is one of the most widely 
used traditional Chinese medicines in China, with a 
range of applications in the treatment of various diseases, 
including cardiovascular and cerebrovascular diseases, 
neurodegenerative disorders, and psoriasis (Kong et  al. 
2024). However, due to the high cadmium content in the 
soil of the Chuanxiong cultivation area, coupled with its 
tendency to enrich heavy metals, it has been identified as 
one of the Chinese herbal medicines with serious heavy 
metal exceedance (Xie et al. 2023; Zhao et al. 2014). The 
remediation of wastewater and soil contaminated with 
HMs has emerged as a significant environmental chal-
lenge that requires immediate attention.
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How to solve the contamination of soil and wastewa-
ter by HMs represents a significant environmental chal-
lenge, given the detrimental impact of these pollutants 
on ecological systems and human health. In the case of 
wastewater, the most commonly employed methods 
of HM treatment include chemical precipitation, ion 
exchange, membrane separation, electrochemical pro-
cesses, adsorption, and biological methods (Abdullayev 
et al. 2024; Ayach et al. 2024; Ullah & Rahman 2024). Soil 
remediation techniques typically include physical, chemi-
cal, and biological remediation methods (Li et  al. 2024; 
Nguyen et  al. 2023). Among the aforementioned meth-
ods, the chemical adsorption method, exemplified by 
biochar, is characterized by low cost, high efficiency and 
minimal technical requirements (Aziz 2024; Bilias et  al. 
2023). In particular, biochar modified through chemical 
modification exhibits a more extensive specific surface 
area and a greater number of surface functional groups, 
thereby demonstrating superior performance in HM 
adsorption (Subramanian et al. 2024). The catalytic effect 
of potassium ions and phosphate on biochar adsorption 
of HMs has been demonstrated (Ahmad et  al. 2018). 
Potassium is one of the essential elements indispensable 
for plant growth, as evidenced by the use of slow-release 
potassium fertilizer under drip irrigation to promote 
plant growth (Qu et al. 2024). Consequently, the develop-
ment of potassium phosphate-modified multi-functional 
biochar with high selectivity, large adsorption capacity, 
high detection sensitivity and good stability, based on 
the traditional adsorption method, has the potential to 
reduce treatment costs, improve treatment efficiency and 
offer a promising practical application prospect.

This study focuses on the urgent environmental 
problem of lead and cadmium heavy metal pollution. 
In recent years, heavy metal pollution incidents have 
occurred frequently in China, seriously affecting people’s 
lives and health, and the treatment of heavy metal-pol-
luted wastewater and soil has become a prominent envi-
ronmental problem that needs to be urgently addressed. 
The prepared phosphate-modified pharmaceutical resi-
due biochar provides an effective solution for effectively 
sequestering heavy metals Pb and Cd in wastewater and 
soil. This study provides a simple and feasible solution 
for remediating Pb- and Cd-contaminated water and 
soil, while achieving agricultural waste recycling, thereby 
serving dual purposes with a single approach.

Traditional Chinese medicinal herb residues (TCMHR) 
are rich in resources, with high carbon content and 
organic components such as cellulose, hemicellulose, 
and lignin, making them an ideal raw material for pre-
paring biochar. Our research group’s previous studies 
have found that biochar derived from TCMHR and its 
modified composite materials show great potential in 

adsorbing heavy metal pollutants (Wang et  al. 2024b; 
Yuan et  al. 2024). However, the above studies have not 
been applied to the remediation of soil heavy metal pol-
lution, and the effects of modified materials on plant 
growth have not been determined, which also limits 
the application space of the developed materials. In this 
study, phosphate-loaded biochar was successfully pre-
pared and employed for the immobilisation of Cd/Pb in 
aqueous solution and contaminated soil. The objective of 
this study is threefold: firstly, to examine the adsorption 
capacity and mechanism of phosphate-loaded biochar on 
Cd/Pb; secondly, to assess the ecological risk of phospho-
rus-modified biochar in the remediation of heavy metals 
(Cd and Pb) in contaminated soil; and thirdly, to inves-
tigate the effect of materials on plant growth using pot 
experiments with Ligusticum chuanxiong as an example 
plant.

2 � Materials and methods
2.1 � Preparation of biochar and phosphorus‑modified 

biochar
The chemicals and consumables used in the experi-
ment are shown in Supporting Information Text S1.1. 
The residual materials of Salvia miltiorrhiza Bunge were 
selected as the raw materials and obtained from Xinfuy-
uan Chinese Herbal Pieces Co. Ltd. The original biochar 
was prepared by placing the dregs of Salvia miltiorrhiza 
(particle size < 2  mm) into a tube furnace and heating 
them to 600 ℃ at a rate of 10  °C min⁻¹ under oxygen-
limited conditions for two hours. This product is referred 
to as BC. The method for the preparation of phosphorus-
modified biochar was determined on the basis of previ-
ously reported methods (Yang et  al. 2021; Yuan et  al. 
2024; Zhang et  al. 2020b). Further discussion of this 
method can be found in Supporting Information Text 
S1.2 and Text S1.3. The determination of the physical and 
chemical properties of biochar can be found in Support-
ing Information Text S1.4.

2.2 � Evaluation of Pb/Cd adsorption on modified biochar
The screening test of initial pH on the adsorption of Pb/
Cd by modified biochar is shown in Supporting Informa-
tion Text S1.5. Batch adsorption experiments were con-
ducted to investigate the adsorption properties of modified 
biochar for Pb and Cd. The adsorption kinetics were ini-
tially investigated through the following methodology: 
10  mg of modified biochar was combined with 25  mL 
of a 0.01  mol  L−1 NaNO₃ solution in a 50  mL centrifuge 
tube, which contained a 300 mg L−1 Pb(NO₃)₂ solution or 
a 50 mg L−1 Cd(NO3)2 solution. The optimal pH value for 
adsorption was adjusted by the addition of a small quan-
tity of 1 M HNO₃ or NaOH solution. The centrifuge tube 
was placed in a constant-temperature shaker set at 25 ℃ 
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and oscillated at 220 rpm. Additionally, samples were col-
lected at 0–60 h and filtered through a 0.45 μm micropo-
rous membrane. The concentration of Pb and Cd in the 
filtrate was determined using ICP-OES, and the adsorption 
amounts of Pb and Cd by biochar at different times were 
obtained. The results were fitted by five kinetic models: the 
pseudo-first-order, pseudo-second-order, intra-particle dif-
fusion, Elovich and Bangham models.

In the adsorption isotherm experiment, the Pb concen-
tration was set within the range of 200–1000 mg L−1, with 
gradients of 200, 300, 400, 600, 800 and 1000  mg  L−1, 
respectively. The concentration of Cd was set within the 
range of 5–50 mg L−1, with gradients of 5, 10, 15, 25, 35 
and 50  mg  L−1, respectively. The remaining steps were 
conducted in accordance with the procedures established 
for the kinetic experiment, and the results of the adsorp-
tion isotherm experiment were obtained. The results 
were fitted using the Langmuir, Freundlich and Sips iso-
therm models.

The adsorption capacity (Q, mg g−1) of the adsorbent 
was calculated using the formula (1):

where, Co and Ct are the initial and equilibrium heavy 
metal concentrations (mg L−1), respectively, v is the vol-
ume of the solution (L), and m is the mass of the added 
biochar (g).

In order to study the mechanism of Cd/Pb removal by 
phosphate-loaded biochar, the characteristics of 3K-BC 
before and after adsorption of HMs were analyzed. For 
the biochar adsorbed in solution, we obtained the mate-
rial by centrifugal separation. Scanning electron micros-
copy combined with energy dispersive spectrometer 
(SEM–EDS, ZEISS Axio Imager M2 EVO10, Germany) 
was used to observe the surface morphology images of 
biochar samples before and after adsorption. X-ray dif-
fraction (XRD, Rigaku Ultma IV, Japan) was used to ana-
lyze the crystallization characteristics of the samples. 
Fourier transform infrared spectroscopy (FT-IR, Perki-
nElmer Frontier, China) was used to qualitatively analyze 
the surface functional groups of biochar in the wavenum-
ber range of 400–4000  cm−1. X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha, USA) was 
used to obtain the surface element composition and the 
relative percentage of the surface elements.

2.3 � Preparation and incubation of contaminated soil 
samples

The experimental soil was sampled from Pengzhou City, 
Sichuan Province, which is a region renowned for the pro-
duction of Chinese medicinal materials, namely Chuanx-
iong. The methods outlined in Supporting Information 
Text S1.6 detail both the collection procedure and the 

(1)Q = (Co − Ct)×
v
m

determination techniques for the fundamental physical and 
chemical properties of the sample soil.

The standard solution of Cd and Pb, procured from the 
Henan R&D Center for Certified Reference Materials, was 
introduced to the soil. The soil was cultivated for 50  days 
under conditions of saturated water holding capacity of 
45% at room temperature, resulting in the formation of a 
mixed contaminated soil with high and low concentrations 
of standard HMs (Li et al. 2022a; Xia et al. 2021). To assess 
the adsorption of HMs in contaminated soil by modified 
biochar, incubation experiments were conducted in 500 mL 
plastic conical flasks. The modified biochar was incorpo-
rated into the contaminated soil samples at two different 
doses (1% and 3%) in order to assess its efficacy. The soil 
samples were mixed with the biochar until a homogeneous 
mixture was achieved. The experimental groups are shown 
in Table 1. Each treatment was conducted in triplicate. Sub-
sequently, the soil samples were incubated at room temper-
ature with constant humidity (45% water holding capacity) 
for 60 days (Wang et al. 2021). According to the Soil Envi-
ronmental Quality Risk Control Standard for Soil Contami-
nation of Agricultural Land (GB15618-2018), the low HM 
concentration is defined as 200 mg kg−1 Pb and 0.5 mg kg−1 
Cd. The term "high heavy metal concentration" is used to 
describe a composition of 500 mg kg−1 of Pb and 3 mg kg−1 
of Cd. Following the incubation period, the soil samples 
were air-dried, and approximately 100 g of soil was ground 
and passed through 2 and 0.15  mm sieves and stored for 
subsequent physical and chemical analyses. To facilitate 
a more detailed examination of the adsorption processes 
between materials and HMs, the group 6 was selected as 
a case study. Then, the adsorbed material was collected by 
using a sieve and tweezers for further characterization anal-
ysis. The adsorbed biochar was analyzed using a combina-
tion of techniques, including SEM–EDS, XRD, FT-IR, and 
XPS.

This process encompasses acid, neutral, and alka-
line phosphatase (Zhang et  al. 2023b). The neu-
tral phosphatase of soil was determined by citrate 

Table 1  Grouping conditions in soil experiments

Low heavy metal concentrations are those consisting of 200 mg kg−1 Pb and 
0.5 mg kg−1 Cd, and high heavy metal concentrations are those consisting of 
500 mg kg−1 Pb and 3 mg kg−1 Cd

Grouping category Soil treatment Abbreviation

Control Blank soil CK

Group 1 Low HMs + 0% 3K-BC LHM0

Group 2 Low HMs + 1% 3K-BC LHM1

Group 3 Low HMs + 3% 3K-BC LHM3

Group 4 High HMs + 0% 3K-BC HHM0

Group 5 High HMs + 1% 3K-BC HHM1

Group 6 High HMs + 3% 3K-BC HHM3
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buffer-colorimetry, in accordance with the neutral pH of 
the soil (Chen et al. 2024b). The determination of urease 
was conducted using sodium phenol-sodium hypochlo-
rite colorimetry (Zhao et  al. 2021). The effective phos-
phorus content of the various groups was determined by 
sodium bicarbonate extraction-molybdenum-antimony 
spectrophotometry, in accordance with the "substitu-
tion" of phosphorus fertilisers for phosphorus-modified 
biological carbon (Li et  al. 2020). Additionally, the sus-
tained-release impact of the experimental materials on 
phosphorus was assessed through the effective phospho-
rus content extracted through repeated leaching. In order 
to investigate the impact of the materials on soil water-
holding capacity, experiments were conducted to assess 
their water-holding capacity (Lu et al. 2023). The specific 
methodology is as follows: One gram of BC/3K-BC was 
combined with 150 g of dry soil, 50 mL of ultrapure water 
was added, and the mixture was weighed after blending 
(W₀). The samples were stored at room temperature and 
weighed at regular intervals. The formula was as follows:

2.4 � Speciation analysis of heavy metals in soil
The sequential extraction procedure developed by the 
European Community Bureau of Reference (BCR) was 
employed to examine the concentration of Cd and Pb 
in the amended soil (Li et  al. 2022a, 2022c). In sum-
mary, 1.00 g of a biochar-soil mixture was transferred to 
a 50  mL polytetrafluoroethylene tube. The acid-soluble, 
reducible, oxidizable, and residual components of HMS 
were obtained through extraction. The following solu-
tions were prepared: 0.11  M acetic acid (40  mL), 0.5  M 
NH₂OH·HCl (40  mL, pH = 2), 8.8  M H₂O₂ (10  mL, 
pH = 2), 1  M NH4OAc (20  mL, pH = 2), and aqua regia 
(HCl/HNO₃, 3:1, 8  mL), respectively. The concentration 
of HMs in each component was determined by induc-
tively coupled plasma optical emission spectrometry 
(ICP-OES).

2.5 � Bioavailability and potential ecological risk 
assessment

The bioavailability of HMs to soil organisms was ana-
lyzed using the CaCl₂ extraction method (Xia et al. 2020), 
as this has been demonstrated to be an effective indicator 
for assessing plant availability (Gu et  al. 2020; Yin et  al. 
2016). In summary, the soil was extracted with 0.01  M 
CaCl₂ at 20 ℃ for two hours using a soil extraction ratio 
of 1:5 (w/v). The mixture was then subjected to shaking 
and centrifugation at 3000  rpm for a period of 15  min. 
Subsequently, the supernatant was filtered through a 

(2)WR% =

(

mt
m0

)

× 100%

0.45 μm microporous membrane, and the concentration 
of Pb and Cd in the extract was determined by ICP-OES.

The Toxicity Characteristic Leaching Procedure 
(TCLP) was employed to evaluate alterations in leach-
ing toxicity in enhanced soils (Chaudhary and Rao 2024). 
In general, a soil sample of 5 g was mixed with 100 mL 
of a 0.5 M glacial acetic acid solution with a pH of 2.88. 
Following a period of continuous oscillation lasting 16 h, 
the supernatant was obtained by means of centrifugation. 
The samples were prepared using a 0.45 μm microporous 
membrane, and the concentrations of Cd and Pb were 
subsequently analyzed using ICP-OES. All tests were 
conducted in triplicate. In this study, the Nemerow index 
and the Potential Ecological Risk index were employed 
for the assessment of the ecological risk associated with 
the presence of HMs in soil (Hakanson 1980). The Neme-
row index is calculated as follows:

where Pi is the single pollution index, Ci is the extrac-
tion concentration of heavy metals by TCLP in the soil 
after the pot experiment, Si is the TCLP international 
standard (the concentrations of Pb and Cd are 5 and 
0.5 mg kg−1, respectively), NPI is the Nemerow compre-
hensive pollution index, Pmax is the maximum value of 
the pollution index, and Pavr is the average value of the 
single pollution index.

The potential risk index is calculated as follows:

where Ei is the single potential ecological risk index; Ti 
is the toxic reaction coefficient of a single heavy metal 
(Pb is 5, Cd is 30), and Pi is a single pollution index. PI 
is the comprehensive potential ecological risk index of 
polymetallic.

2.6 � Pot experiment of Ligusticum chuanxiang
The objective of this study was to utilize Ligusticum 
chuanxiang, cultivated in pots, as a material for experi-
mental design in order to investigate the impact of plant 
growth. Before the experiment, the contents of heavy 
metals Pb and Cd in the soil were measured as described 
in Supporting Information Text S1.6. The soil was pre-
pared for contamination by the addition of a standard 
solution of HMs (Nigam et  al. 2021). The Pb concen-
tration was set at 200 mg  kg−1, while the Cd concentra-
tion was set at 3 mg  kg−1. The experimental design was 

(3)Pi =
Ci
Si

(4)NPI =

√

Pmax
2
+Pavr

2

2

(5)Ei = Ti × Pi

(6)PI =
∑n

i=1
Ei
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divided into the following groups: BK (normal soil), 1% 
BC-BK (1% 3K-BC + normal soil, 1%, w/w), 0% BC-HM 
(0% 3K-BC + contaminated soil) and 1% BC-HM (1% 
3K-BC + contaminated soil). A total of four groups were 
established, with each group comprising six replicates. 
Following a seven-month cultivation period in a natural 
environment, the roots, stems and leaves of Ligusticum 
chuanxiong were harvested and washed with deionised 
water. The primary indices for evaluating the Ligusticum 
chuanxiong include yield, distribution of HMs, and the 
content of active ingredients. The distribution of HMs in 
different plant parts was determined by microwave diges-
tion (Table S1) and ICP-MS. The medicinal ingredients, 
including ferulic acid, ligustilide A and ligustilide, were 
analyzed by high-performance liquid chromatography 
(HPLC, Agilent 1260, USA) and a chromatographic col-
umn (Thermo BDS C18, 4.6  mm × 250  mm, 5  μm) (Han 
et al. 2023).

The bioconcentration factor (BCF) and transfer factor 
(TF) are calculated as:

where Mplant is the Pb/Cd concentration in plant bio-
mass, and Msoil is the total concentration of HMs in soil, 
in mg  kg−1. Maboveground is the concentration of HMs in 
the aboveground part of the plant tissue, while Mroot is 
the concentration of HMs in the root.

2.7 � Statistical analysis
Differences between experimental groups were com-
pared by one-way analysis of variance and expressed as 
the least significant difference. A p-value of <0.05 was 
considered to be statistically significant. Each treatment 
was repeated three times, and the results are shown as 
the mean values. The simple data analysis part was exe-
cuted by Microsoft Office Excel 2016. Data fitting and 
some characterization results were completed with the 
assistance of Origin 2021.

3 � Results and discussion
3.1 � Adsorption characteristics of Pb and Cd in solution
3.1.1 � Adsorption dynamics
In order to gain further insight into the adsorption mech-
anism and rate-limiting steps, five kinetic models were 
employed to fit the data, namely the pseudo-first-order 
model, the pseudo-second-order model, the intrapar-
ticle diffusion model, the Elovich model and the Bang-
ham model. The results of the experimental investigation 
into the kinetics of Pb and Cd adsorption on 3K-BC 

(7)BCF =
Mplant

Msoil

(8)TF =
Mabovegroud

Mroot

are presented in Fig.  1 and Table  2. In general, 3K-BC 
achieved equilibrium adsorption of Pb within approxi-
mately 600  min. At approximately 400  min, 3K-BC 
achieved equilibrium for Cd adsorption. This indicated 
that Cd was adsorbed at a faster rate than Pb. The R2 val-
ues of the pseudo-second-order kinetic model for Pb and 
Cd were higher, at 0.9926 and 0.9606, respectively, than 
those of the pseudo-first-order kinetic fitting parameters. 
The equilibrium adsorption capacities of 128.95  mg  g−1 
(Cd) and 352.73 mg g−1 (Pb), as fitted by the pseudo-sec-
ond-order model, were found to be in closer alignment 
with the value of the experimental adsorption capac-
ity. Therefore, the adsorption process in this experiment 
is best described by the pseudo-second-order kinetic 
model, indicating that chemical adsorption is the pri-
mary mechanism and that the number of active sites on 
the material’s surface controls the adsorption rate of Pb 
and Cd on 3K-BC (Li et al. 2023).

The intraparticle diffusion model was used to describe 
heterogeneous adsorbent diffusion. As illustrated in 
Fig.  1D and Table  S2, three distinct phases can be dis-
cerned in the Pb adsorption process on 3K-BC: external 
diffusion, internal diffusion, and adsorption equilibrium 
(Sun et al. 2022; Zhou et al. 2023). Initially, Pb diffused 
from the solution to the outer surface of the adsorbent. 
This was predominantly due to the interaction between 
the HMs and the electrostatic attraction present on the 
adsorbent’s surface. The second stage was designated 
as intraparticle diffusion, during which HMs from the 
adsorbent’s outer surface entered the active sites within 
the pores and bonded with them, thereby functioning 
as an adsorbent. Subsequently, the rate of adsorption 
declined until it reached equilibrium. The Pb data were 
consistent with the intraparticle diffusion model, as indi-
cated by the R2 values for each step. Moreover, the third 
R2 value for Cd was 0.672, indicating that the adsorption 
process of Cd consisted of only two stages. Concurrently, 
the diffusion rate constants for each stage exhibited a 
progressive decline (K1 > K2 > K3), indicating that the 
reaction was slowing down and that the final rate was 
approaching zero, suggesting that the adsorption capac-
ity was no longer changing over time. Figure  1D dem-
onstrated that the removal of the two heavy metals was 
multi-linearly correlated, with the intercepts of the fit-
ting lines C1, C2 and C3 not equal to zero. This indicates 
that internal diffusion was not the sole rate-limiting step 
in controlling the removal of HMs, and that the adsorp-
tion rate should be influenced by both external diffusion 
and internal diffusion (Li et  al. 2023; Yilmaz and Guzel 
2021).

The Elovich kinetic model, which is widely applied 
in many different contexts, particularly to the removal 
of pollutants from aqueous solutions, describes the 
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speed of substance diffusion and propagation in the 
medium (Bukhari et  al. 2024). Table 2 presents the cor-
relation coefficients R2 for Pb and Cd, which were both 
greater than 0.95. These values indicated that the model 
was consistent with the 3K-BC adsorption process for 
the two heavy metals (Hu et  al. 2020; Liu et  al. 2020), 
which involved both heterogeneous diffusion and a 

chemical reaction. The pore diffusion model is frequently 
described by the Bangham model. The linear diagram for 
the Bangham pore diffusion model is presented in Fig. 1F. 
The correlation coefficient R2 values for Pb and Cd were 
0.9192 and 0.9400, respectively. This indicated that pore 
diffusion occurred during the adsorption process, but 
that other factors also affected the adsorption rate (Ber-
slin et al. 2022).

3.1.2 � Adsorption isotherm
The dependence curve between the concentration of pol-
lutants in the liquid phase and their amount adsorbed on 
the solid phase is referred to as the adsorption isotherm. 
The Pb and Cd adsorption isotherms on 3K-BC are illus-
trated in Fig.  2. The data pertaining to the adsorption 
isotherms of the two HMs under investigation exhib-
ited an L-shaped pattern, initially demonstrating an 
upward trajectory before reaching a point of stabilisa-
tion. In other words, as the equilibrium concentration 
increased, the modified biochar exhibited an enhanced 
adsorption capacity for HMs, reaching a state of satu-
ration. However, 3K-BC exhibited a markedly higher 
adsorption capacity for Pb than for Cd. The experimen-
tal results pertaining to the adsorption isotherms were 
subjected to analysis using the Langmuir, Freundlich, 
and Sips models with a view to investigating the adsorp-
tion process of biochar on HMs. The fitting results are 

Fig. 1  3K-BC adsorption kinetics of Pb and Cd (A) and different kinetic fitting models: (B) pseudo-first-order model; (C) pseudo-second-order 
model; (D) intraparticle diffusion model; (E) Elovich model; (F) Bangham model

Table 2  Fitting parameters of adsorption kinetics model of Pb 
and Cd by 3K-BC

Kinetic model Parameter Pb Cd

Pseudo-first-order kinetic model Qe (mg g−1) 304.15 117.81

K1 0.0065 0.0119

R2 0.9851 0.8831

Pseudo-second-order kinetic model Qe (mg g−1) 352.73 128.95

K2 0.000022 0.00014

R2 0.9926 0.9606

Intraparticle diffusion model Kip 8.3821 2.5215

R2 0.8359 0.8003

Elovich model Α 4.8884 8.1232

Β 0.0131 0.0468

R2 0.9640 0.9622

Bangham diffusion model M 2.2510 3.8388

Kb 16.7450 22.1203

R2 0.9192 0.9400
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presented in Table S3. The data in the table indicate that 
the adsorption process of Pb and Cd by 3K-BC was more 
accurately represented by the Langmuir model than by 
the Freundlich model, with correlation coefficients R2 of 
0.9743 and 0.9516, respectively. This indicated that Pb 
and Cd were adsorbed onto the material via a monolayer 
adsorption process. From the Langmuir model fit, the 
maximum adsorption capacities of 3K-BC for Pb and Cd 
were determined to be 361.82 mg g−1 and 123.03 mg g−1, 
respectively. According to the Freundlich model, the 
constant 1/n for the two HMs was less than 0.5, indicat-
ing that 3K-BC exhibited a pronounced adsorption effect 
on Pb and Cd and that the adsorption procedure was 
straightforward (Wang et  al. 2018). The Sips isotherm 
model is considered a hybrid of the Freundlich and 
Langmuir models, offering a solution to the limitations 
of both. The Sips isotherm model indicated that the fit-
ting parameters R2 for Pb and Cd were less than 0.95, at 
0.9287 and 0.9473, respectively. Concurrently, the actual 
Pb adsorption capacity (355.15  mg  g−1) differed con-
siderably from the theoretical maximum Pb adsorption 
capacity by 3K-BC (456.38  mg  g−1). Therefore, the Sips 
isotherm model is unsuitable for elucidating the mecha-
nism of Pb adsorption by this experimental material.

Table  3 presents the maximum theoretical adsorption 
capacity of modified biochar for the removal of Pb or Cd, 
as reported in the literature. In contrast, the experimen-
tal material demonstrated a higher Pb and Cd adsorption 
capacity than that observed in the majority of previously 
reported biochars. The research results show that the 
3K-BC prepared in this study has significant potential for 
removing the two heavy metals, Pb and Cd.

3.1.3 � Potential adsorption mechanism in solution
The SEM–EDS results of the biochar are shown in Fig. 
S1 and Fig. 3. The surface of the pristine biochar exhib-
ited a rough and porous structure. Following modifica-
tion, no notable alterations were observed in the surface. 
Given its porous structure, it is hypothesised that the 
surface is capable of physically adsorbing HMs. The semi-
quantitative results obtained by EDS demonstrated that 
the potassium content increased from 4.21% to 18.85%, 
and the phosphorus content increased from 0.24% to 
3.63% following the modification with potassium phos-
phate. This indicated that the modification with potas-
sium phosphate was indeed successful. Following the 
adsorption of both HMs, the presence of precipitated 
compounds on their surfaces was observed, particularly 
after Pb adsorption. The phenomenon of particles on the 
surfaces was more pronounced. The semi-quantitative 
results of EDS after adsorption demonstrated a notable 
decline in the content of both elemental K and P on the 
surface of modified biochar, whereas the content of HMs 
Pb and Cd exhibited a marked increase. These findings 
substantiate the pivotal role of potassium and phospho-
rus elements in the adsorption of HMs. The underlying 
mechanisms involved are postulated to encompass pre-
cipitation between phosphate and heavy metal ions, as 
well as cation exchange involving potassium ions (Lin 
et al. 2023).

The distinct surface functional groups of the four bio-
chars were identified through FT-IR spectroscopy within 
the wavelength range of 400–4000 cm−1, as illustrated in 
Fig. 4A. The wave number at 1689 cm−1 prior to ads orp-
tion was observed to shift to 1658 cm−1 following adsorp-
tion. This shift was attributed to the vibration of the C=O 

Fig. 2  Adsorption isotherms of Pb (A) and Cd (B) on 3K-BC
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group (Gao et  al. 2019, 2020). It was postulated that at 
this juncture, the C=O functional group participated in 
the precipitation of the metal ions, which resulted in the 
aforementioned shift in the wavenumber. The peak at 
1575 cm−1 was attributed to –COOH (Wang et al. 2022), 
and the peak at 1390  cm−1 is attributed to the stretch-
ing vibration of CO3

2− (Yang et  al. 2023). The peak at 
874 cm−1 is attributed to the out-of-plane bending vibra-
tional absorption peaks of C–H bonds. Furthermore, the 
modified biochar exhibited a peak at 1043  cm−1, attrib-
uted to PO4

3−, confirming the successful loading of phos-
phate ions (Zhou et al. 2022). This finding is in accordance 
with the results obtained from the scanning electron 
microscope with energy-dispersive X-ray spectroscopy. 
A comparison with BC before modification revealed that 
the IR spectra of 3K-BC exhibited a greater number of 
peaks, thereby demonstrating that the modified material 
possessed a greater number of functional groups on its 
surface. The reduction in the intensity of the PO4

3− peak 
or the shift in the peak position following the adsorp-
tion of HMs indicated that phosphorus-containing func-
tional groups were involved in the interactions with HMs. 
Similar observations were made with regard to other 
functional groups. In conclusion, the diverse array of oxy-
gen-containing functional groups present on the biochar 
surface may prove instrumental in the adsorption and 
immobilisation of heavy metals (Zong et al. 2021).

The XPS spectra for the pre- and post-adsorption 
states are presented in Fig.  4B–G. The full spec-
trum demonstrates that following the adsorption of 
Pb on the biochar, new peaks corresponding to Pb 

4f were observed at 138.32 and 143.05  eV. Similarly, 
the adsorption of Cd onto the biochar resulted in the 
emergence of new peaks belonging to Cd 3d at 405.72 
and 412.04 eV. This suggests that both HMs were suc-
cessfully adsorbed onto the 3K-BC surface. Figure  4C 
depicts the C 1s spectrum of the biochar. Following 
modification, the peaks at binding energies 284.75 
(61.65%), 285.60 (36.34%) and 289.43  eV (2.00%) were 
found to correspond to C–C/C–H, C–O/C–N and 
COOH functional groups (Das et  al. 2023). Following 
the adsorption of Pb/Cd, the positions and peak inten-
sities of the characteristic peaks of these groups under-
went changes. The formation of Pb/Cd–O complexes 
with C–O can occur, which results in a reduction in the 
relative content of C–O (Huang et al. 2022). It is specu-
lated that it is due to the precipitation or complexation 
with Pb/Cd, resulting in the loss or increase of groups 
(Li et  al. 2022b).The aromatic structure of biochar has 
been demonstrated to facilitate ion exchange with HMs 
through the donation of π-electrons during the pro-
cess of adsorption. This resulted in the formation of 
metal-π complexes (Harvey et  al. 2011). Following the 
adsorption of Pb, the content of COOH increased from 
2.00% to 10.42%, indicating the formation of Pb-COOH 
complexes. Conversely, after the adsorption of Cd, 
the content of COOH decreased, suggesting that the 
adsorption mechanism may involve ion exchange (Zhou 
et  al. 2022). As illustrated in Fig.  4D, the three peaks 
observed in the O 1s fine spectrum of 3K-BC, located at 
530.97 eV (24.90%), 531.94 eV (53.25%), and 533.47 eV 
(21.85%), were attributed to C=O/P=O, C–O/P–O, and 

Table 3  Adsorption characteristics of Pb and Cd removal by different phosphorus modified biochars

Biochar type Contaminant Pyrolysis condition Kinetic model Isotherm model Adsorption 
capacity (mg g−1)

Reference

Reed straws Pb 400 ℃, 2 h – Langmuir 59.3 Cui et al. (2022)

Tree branches Cd 500 ℃, 2 h Sec Langmuir 116 Wang et al. (2022)

Chicken feather Pb 450 ℃, 1 h Sec Freundlich 55.43 Chen et al. (2019)

Cd 450 ℃, 1 h Sec Langmuir 7.84

Sawdust Pb 500 ℃, 1/3 h Sec Langmuir 48.5 Yang et al. (2023)

Cd Sec Langmuir 13.6

Peanut shell Pb 500 ℃, 1/3 h Sec Langmuir 82.3 Yang et al. (2023)

Cd Sec Langmuir 41.5

Rape straw Cd 600 ℃, 1 h Sec Langmuir 81.80 Li et al. (2017)

Corn stalks Pb 800 ℃, 2 h Sec Langmuir 357.76 Li et al. (2022b)

Peanut shells Cd 500 ℃, 2 h Sec Langmuir 138 Huang et al. (2022)

Medicine residues Pb 500 ℃, 3/4 h Sec Langmuir 599.4 Chen et al. (2022)

Grape pomace Pb 500 ℃, 2 h Sec Langmuir 134 Jin et al. (2020)

Nutshell Pb 500 ℃, 2 h Sec Freundlich 79.26 Wang et al. (2024a)

3K-BC Pb 600 ℃, 2 h Sec Langmuir 361.82 This study

Cd 600 ℃, 2 h Sec Langmuir 123.03



Page 10 of 20Yuan et al. Biochar  (2026) 8:30

Fig. 3  SEM–EDS spectra of BC and modified biochar before and after adsorption of HMs
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Fig. 4  (A) the FT-IR spectra of four biochars. The XPS spectra of the four biochars, including (B) survey, (C) C1s, (D) O1s, (E) P 2p, (F) Pb 4f, and (G) Cd 
3d spectra
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–OH/O–C=O groups, respectively (Herath et al. 2021; 
Zhou et  al. 2022). Following the adsorption process, 
the percentage of C=O/P=O increased from 24.90% 
to 32.09% and 31.17%, respectively. This suggested the 
formation of PbPO₄ or CdPO₄ precipitates (Zhou et al. 
2022). Additionally, other oxygen-containing functional 
groups had the potential to complex with HMs (Liu 
et al. 2024).

Following phosphate modification, peaks corresponding 
to P 2p were observed for 3K-BC, thereby confirming the 
successful loading of phosphate during the co-pyrolysis 
process. This finding was consistent with the SEM–EDS 
and FT-IR results. As illustrated in Fig.  4E, the peaks at 
133.21 (44.22%) and 134.08  eV (57.78%) of 3K-BC cor-
related with P=O and P–O, respectively (Zhang et  al. 
2020b). Following the adsorption of Pb/Cd, the propor-
tion of P=O increased to 49.99% and 55.68%, respectively, 
while the proportion of P–O groups decreased to 50.01% 
and 44.32%, respectively. This suggests that P=O and P–O 
are involved in the adsorption process (Lu et al. 2023). The 
peaks observed at 138.32 and 143.05 eV in Fig. 4F can be 
attributed to Pb 4f7/2 and Pb 4f5/2, respectively (Li et  al. 
2023). The difference of 4.8 eV between the two peaks was 
indicative of the presence of the Pb–O structure (Luo et al. 
2019; Zhang et  al. 2023a). The Pb 4f5/2 peak was associ-
ated with chemical states that were characterised by elec-
trostatic attraction, porosity, or electronic interactions, 
whereas the Pb 4f7/2 peak was linked to chemical states 
that were associated with precipitation, ion exchange, or 
complexation (Wang et  al. 2024a). The peak area of Pb 
4f7/2 was found to be significantly larger than that of Pb 
4f5/2, indicating that chemisorption played a dominant 
role in the adsorption process. The two peaks observed 
at 405.07 and 412.00 eV in Fig. 4G were attributed to Cd 
and the two peaks observed at 405.73 and 412.51 eV were 
attributed to Cd–O (Lin et al. 2023). Among these, Cd–O 
was adsorbed on the surface of the material as a precipitate 
through metal-π electron bonding (Behbahani et al. 2021).

The results, derived from 31P NMR analysis, indicated 
that the surface of the phosphorus-modified biochar pre-
dominantly comprises orthophosphate composition (in 
Supporting Information Text S1.4.). Therefore, the main 
form of co-precipitation between P and Cd in the mate-
rial may be considered to be Cd-orthophosphate, which 
is consistent with the findings of previous studies (Wang 
et al. 2022). The results indicated that the adsorption of 
Pb and Cd was facilitated by a combination of processes, 
including physical adsorption, precipitation, complexa-
tion of oxygen-containing functional groups, and cation 
exchange (Khalid et  al. 2017; Li et  al. 2023; Wu et  al. 
2021). The mechanism of adsorption is illustrated in Fig. 
S2.

3.2 � Effects of soil properties
In order to investigate the impact of biochar supplemen-
tation on soil characteristics, the activities of enzymes, 
the availability of phosphorus and the capacity to retain 
water were examined. Enzyme activity is closely related 
to environmental conditions and can be used as an 
important biological index to detect soil changes, as well 
as evidence of heavy metal fixation in soil (Liao et  al. 
2023). In the regulation of soil ecosystems, urease plays 
a pivotal role in determining nitrogen flow (Song et  al. 
2022). Phosphatase plays a pivotal role in facilitating the 
conversion of organic phosphorus present in soil into 
inorganic phosphorus that can be absorbed and utilized 
by plants.

3.2.1 � Enzyme activity assay
The contents of urease and phosphatase in soils with 
different rates of 3K-BC application are illustrated 
in Fig.  5A, B. Phosphatase and urease are hydrolytic 
enzymes. The activity of phosphatase was found to be 
positively correlated with total phosphorus, while urease 
was positively correlated with nitrogen. These correla-
tions reflected the soil fertility level and the biotoxicity 
of HMs (Zhang et al. 2020a). In comparison to the con-
trol sample, the addition of high and low concentrations 
of HMs resulted in the inhibition of both enzymes. Fur-
thermore, the inhibition effect was found to be more pro-
nounced with increasing HM concentration. Following 
the application of 1% 3K-BC, a notable moderation in 
both enzyme activities was observed, with the urease and 
phosphatase content in the LHM1 group exceeding that 
of the CK group. This demonstrated the capacity of the 
material to stimulate the two enzymes, with the alkaline 
biochar potentially increasing urease and phosphatase 
contents by directly modifying the pH of the acidic soil 
(Song et  al. 2022). Additionally, the active materials 
released by BC in the soil have been demonstrated to 
enhance the activities of urease and phosphatase (Wang 
et al. 2020). Upon increasing the application rate 3%, both 
LHM3 and HHM3 exhibited comparatively weak promo-
tion of urease activity in comparison to the control group 
without 3K-BC. Conversely, 3% of 3K-BC demonstrated 
inhibition with regard to phosphatase. It can therefore be 
concluded that the material at a 1% application rate was 
more effective for soil enzyme activity. It is not recom-
mended that the dose be increased to 3%.

3.2.2 � Effective phosphorus content
The effective phosphorus content of 3K-BC for different 
treatment groups is shown in Fig. 5C. The effective phos-
phorus content demonstrated an increase in line with the 
rise in biochar application rate. The effective phosphorus 
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content of all three groups (CK, LHM0, and HHM0) was 
undetectable at the conclusion of the initial extraction 
period. For LHM1 and HHM1 with an application rate of 
1%, the remaining effective phosphorus content after four 
extractions was 56% and 45% of the initial value, respec-
tively. A comparable phenomenon was observed in the 
group with an application rate of 3%. This suggested that 
the materials had a gradual release effect on the release 
of effective phosphorus, which was in accordance with 
the findings reported in the literature (Li et  al. 2020). 
To a certain extent, the material 3K-BC, which has been 
prepared in a laboratory setting, can serve as a partial 
replacement for traditional phosphorus fertilisers.

3.2.3 � Water retention test
The use of biochar has been demonstrated to enhance soil 
fertility by increasing soil porosity, water retention and 

promoting the stability of aggregates (Pandit et  al. 2018). 
As illustrated in Fig. 5D, the water retention capacity of the 
experimental groups with the addition of biochar did not 
differ significantly from that of the control group, reaching 
equilibrium from approximately day 14 onwards. How-
ever, during the initial ten-day period, the water retention 
capacity of the soil was found to be significantly higher in 
the 3K-BC and BC groups, indicating that the application 
of biochar can effectively enhance soil water retention even 
when used for a relatively short duration.

3.3 � Potential adsorption mechanisms in soil
The objective of this section is to investigate the poten-
tial adsorption mechanism of modified biochar on Pb/
Cd under soil conditions. In this experiment, the HHM3 
group was subjected to characterisation procedures 
prior to and following the adsorption of biochar in soil. 

Fig. 5  The contents of urease (A) and neutral phosphatase (B) of 3K-BC after incubation in soil; (C) the content of multiple available phosphorus 
extracted by 3K-BC in soil; (D) the effect of adding different biochars on soil water retention
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The aforementioned characterisation techniques were 
selected for their suitability for the investigation, and 
included four common techniques: SEM–EDS, XRD, 
FT-IR, and XPS. For detailed data analysis, please refer to 
the supplementary document (in Supporting Information 
Text S1.7.).

Pb and Cd adsorption by 3K-BC in soil systems occurred 
primarily through three complementary mechanisms: 
precipitation, cation exchange, and surface complexa-
tion. While our integrated characterization (SEM–EDS/
XRD/XPS) and kinetic analyses provide a robust mecha-
nistic framework, we acknowledge that soil-specific inter-
actions—such as microbial mediation and root exudate 
effects—entail multifaceted processes requiring extended 
investigation. As shown in Fig. S1-6(A), the advantage of 
phosphate precipitation was quantified. Cation exchange 
was verified via K⁺/Pb2⁺ stoichiometric relationships in 
Fig. S1-5. Future isotope tracing research is prioritized to 
address biological/non biological pathways. The current 
preliminary mechanism research has opened a path for 
deeper mechanism exploration.

3.4 � Percentage of different heavy metal forms in soil
A modified BCR sequential extraction method was 
employed to examine the morphological characteristics 
of HMs, specifically investigating alterations in the mor-
phology of Pb and Cd in soil samples with the applica-
tion of varying rates of biochar. In this method, the HMs 
were classified into four fractions: acid-soluble, reduc-
ible, oxidizable, and residual. The acid-soluble fraction is 
directly absorbed and utilized by plants and is most eas-
ily absorbed and accumulated in organisms. In contrast, 
the residual fraction is the most stable form and the most 

difficult to be absorbed and utilized by plants and animals 
(Li et al. 2022c; Zhang et al. 2023b). As demonstrated in 
Fig. 6, the morphological distribution of Pb in the control 
group lacking biochar supplementation was as follows: 
acid-soluble > residual > oxidizable> reducible. Similarly, 
the morphological distribution of Cd exhibited the fol-
lowing pattern: acid-soluble > reducible > residual > oxi-
dizable. In comparison to the control group, the addition 
of 1% and 3% of 3K-BC was observed to effectively reduce 
the acid-soluble fraction of Pb and Cd. The 3% test group 
exhibited a more pronounced effect than the 1% test 
group. The acid-soluble content of both HMs was found 
to decline significantly in response to an increase in the 
biochar addition rate. At an application rate of 3%, the 
acid-soluble fraction of Pb and Cd decreased by 15% and 
20%, respectively, for the low concentration HMs group. 
Conversely, the residual fraction content of the corre-
sponding test group increased by 15% and 14%, respec-
tively. At this juncture, the acid-soluble fraction of Pb 
and Cd in the high concentration HMs group exhibited 
a decline of 14% and 27%, respectively. Meanwhile, the 
residual fraction in the corresponding test group dem-
onstrated an increase of 6% and 25%, respectively. It can 
be observed that 3K-BC has a superior immobilisation 
effect on Pb in low-polluted soil, whereas 3K-BC has a 
more pronounced immobilisation effect on Cd in a high-
polluted environment. In conclusion, the application of 
modified biochar at varying quantities has the potential 
to transform both Pb and Cd into more stable forms. It 
was observed that the higher the quantity applied, the 
more pronounced the effect. This evidence supports the 
hypothesis that phosphorus-modified biochar has the 
capacity to immobilise soil HMs.

Fig. 6  Speciation distribution of Pb (A) and Cd (B) in soils amended with 0%, 1% and 3% 3K-BC
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3.5 � Bioavailability of soil HMs and their potential 
ecological risk assessment

The bioavailability and leaching toxicity of HMs in con-
taminated soil were assessed using the CaCl₂ and TCLP 
extraction methods, respectively (Chaudhary and Rao 
2024; Serrano et  al. 2024). The enhanced mobility and 
increased bioavailability of HMs in soil can result in 
greater exposure of plants and other organisms to these 
contaminants (Wang et  al. 2023). The bioavailable HMs 
content in soil is illustrated in Fig.  7A. In the absence 
of biochar, the highest levels of HMs extraction were 
observed in the LHM0 and HHM0 treatment groups, with 
Pb reaching 3.53 and 20.95 μg kg−1 and Cd reaching 11.25 
and 62.88 μg kg−1, respectively. This suggested that the soil 
matrix itself may play a significant role in Pb immobiliza-
tion (Xia et al. 2021). Furthermore, it was found that with 
both high and low concentrations of HMs, there was a sig-
nificant increase in HMs immobilization in the modified 
soil when 3K-BC was applied. Furthermore, a comparison 
was made between the measured amounts of different HM 
contents in the control group without biochar in order to 
calculate the percentage reduction. It can be observed that 
when the application rate was 3%, a reduction of 81% for 
Pb and 91% for Cd was evident at low concentration, and 
a reduction of 86% for Pb and 93% for Cd was evident at 
high concentration. It can therefore be concluded that the 
immobilization efficiency of 3K-BC for Cd was greater 
than that for Pb.

The TCLP leaching contents are illustrated in 
Fig.  7B, C. The leached contents of Pb were 112.45 and 
219.00 mg kg−1 for LHM0 and HHM0, respectively, while 

the leached contents of Cd were 0.68 and 2.22  mg  kg−1 
for LHM0 and HHM0, respectively. The application of 
3K-BC resulted in a significant reduction in the leached 
contents of HMs, with a notable decrease observed as the 
application rate increased from 1% to 3%. The Pb con-
tent extracted from TCLP was reduced by 24 % and 37% 
for the 1% and 3% treatments at low concentration, and 
21% and 39% at high concentration, respectively, in com-
parison to the control sample without biochar. Similarly, 
a reduction of 38% and 44% was observed for Cd at low 
concentration and 10% and 18% at high concentration, 
respectively, in the presence of 1% and 3% biochar. A risk 
assessment of the post-incubation soil was conducted 
using the NPI and the PI, and the results are presented 
in Table S4. With regard to Cd, the Pi values decreased 
from 1.36 to 0.83 and 0.77 with increasing application 
under low concentration of HMs. This indicated that 
the soil contamination level changed from light to non-
contaminated level. Similarly, following the application of 
3K-BC, all Pi values in the soil exhibited a marked decline 
with the increase in applied amount, particularly for 
Pb at high concentration, from 43.80 (HHM0) to 34.61 
(HHM1) and 26.67 (HHM3). This outcome substantiates 
the efficacy of 3K-BC in mitigating the HM contamina-
tion in the soil. Furthermore, the experimental results 
showed that the pollution level was not reduced for the 
other groups. This is likely due to the initial concentra-
tion of HMs in the experimental setup being so high 
that it was not possible to ameliorate the soil to a non-
polluted level with a limited amount of 3K-BC. The NPI 
value reflects the integrated pollution status of HMs in 

Fig. 7  Analysis of heavy metal immobilization: A bioavailability extracted by CaCl2; B, C leaching toxicity of TCLP extraction
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the soil. In the presence of low concentrations of HMs, 
the NPI values demonstrated a notable decline, from 0.96 
(LHM0) to 0.35 (LHM1) and 0.31 (LHM3). This observa-
tion suggests that the soil exhibited a reduction in con-
tamination, progressing from an elevated alert level to a 
safer, more stable state. In the remaining experimental 
groups, the NPI values exhibited a decline with the aug-
mentation of application rates under both low and high 
concentrations of HMs, paralleling the trend observed in 
the Pi values.

The potential ecological risk index may be employed 
to evaluate the ecological risk level of single or multiple 
HMs, based on their intrinsic nature and environmen-
tal behavioural characteristics (Xia et al. 2020). As illus-
trated in Table S4, the Ei values of HMs in soil, with Pb 
exhibiting the highest value, indicated that Pb was the 
most deleterious element in the experimental soil. Fol-
lowing the addition of modified biochar to the soil, a 
reduction in the Ei values of all experimental groups was 
observed. To illustrate, the Ei values of Cd decreased 
from 40.87 (LHM0) to 24.94 (LHM1) and 23.05 (LHM3) 
at low concentrations, indicating that the environmen-
tal risk was reduced from moderate to low. In all other 
groups, the Ei values exhibited a comparable pattern to 
that observed in the Nemerow index. In other words, the 
addition of 3K-BC at either high or low concentrations 
has the potential to reduce the ecological risk associ-
ated with HMs in soil. It is noteworthy that in the high 
concentration pollution test group, despite the reduction 
in ecological risk of Pb and Cd resulting from the addi-
tion of 3% of the material, the index remains high. Fur-
thermore, in the low concentration group, the integrated 
assessment index PI values were 153.32, 110.23, and 

94.16, thus classified as low risk. Following the addition 
of 3K-BC to the high concentration group, the soil was 
observed to transition from a high-risk to a medium-risk 
classification. In conclusion, 3K-BC is an immobilization 
material that has been demonstrated to effectively reduce 
the ecological risk of Pb and Cd. Additionally, the use 
of excessively high or low concentrations of heavy met-
als will reduce the discriminative power of subsequent 
pot experiment results. Therefore, the results of the 
ecological risk assessment experiment can also be used 
to help inform the setting of HM concentrations in pot 
experiments.

3.6 � Effect of biochar on the growth of Ligusticum 
chuanxiong

3.6.1 � Plant yield
The impact of modified biochar on the yield during the 
growth of Ligusticum chuanxiong is illustrated in Fig. 8A. 
In the case of the blank soil group BK and 1% BC-BK, the 
addition of 1% 3K-BC resulted in a 10% increase in the 
weight of roots and a 3% increase in the weight of leaves 
of Ligusticum chuanxiong, while the weight of stems 
remained largely unchanged. A comparison of the BK and 
0% BC-HM groups revealed that the addition of HMs had 
an inhibitory effect on the growth of various parts of the 
plant Ligusticum chuanxiong. The absorption of nutrients 
and photosynthesis in roots in soil–plant systems can 
be disrupted by Pb and Cd, which consequently impede 
the growth of plants (Chen et  al. 2024a; Ur Rahman 
et  al. 2024). In comparison to BK, the roots and leaves 
of 1% BC-HM exhibited an increase of approximately 
28% and 18%, respectively, while the weight of the stems 
decreased by approximately 17%. Under the condition 

Fig. 8  A Dry weight of different plant parts; B contents of ferulic acid, senkyunolide A and ligustilide in different groups of plants
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of HM pollution, the yield of Ligusticum chuanxiong in 
the experimental group increased by 61.0%. It has been 
demonstrated that the utilization of biochar can facili-
tate enhanced plant growth (Ghandali et al. 2024; Huang 
et al. 2024). The experimental results demonstrated that 
3K-BC facilitated the growth of Ligusticum chuanxiong, 
particularly the roots of the medicinal parts. It is hypoth-
esised that the biochar material is rich in phosphorus and 
potassium, essential nutrients for plant growth, which 
can enhance the efficacy of chemical fertilizers. The uti-
lization of biochar as an organic substitute for synthetic 
waste for the enhancement of soil quality is also a signifi-
cant area of interest for agricultural scientists in recent 
years (Bilias et al. 2023; Hou et al. 2022).

3.6.2 � Medicinal ingredients
The contents of ferulic acid, senkyunolide A and ligus-
tilide were determined in the roots of different groups 
of traditional medicinal parts, as illustrated in Fig.  8B. 
In the context of blank soil, the application of 1% 3K-BC 
was observed to exert a discernible influence on the 
accumulation of ferulic acid and senkyunolide A, while 
the content of ligustilide remained largely unaltered. 
The addition of HMs to the soil resulted in the inhibi-
tion of the three effective components. The concentra-
tions of ferulic acid, senkyunolide A and ligustilide were 
found to be 0.34, 2.38 and 24.24  mg  g−1, respectively. 
It is notable that the inhibitory effect of HMs on ligus-
tilide is particularly pronounced. The findings indicated 
that HMs Pb and Cd exerted an inhibitory impact on the 
synthesis of active compounds in Ligusticum chuanx-
iong. This phenomenon may be attributed to the accu-
mulation of HMs within Ligusticum chuanxiong, which 
in turn impedes its normal physiological and biochemi-
cal processes (Zeng et al. 2020; Zhang et al. 2023c). The 
addition of 1% 3K-BC to soil contaminated with HMs 
resulted in a certain degree of mitigation of the inhibitory 
effect on the three active ingredients, as evidenced by an 
increase in their content. To illustrate, the concentration 
of ligustilide increased from 24.24 to 29.63 mg g−1. Under 
the condition of HM pollution, the total effective com-
ponents of Ligusticum chuanxiong in the experimental 
group increased by 22.1%. The experiment demonstrated 
that 3K-BC had a beneficial impact on the pharmacody-
namic components of Ligusticum chuanxiong, and could 
mitigate the adverse effects of HMs in the soil to a certain 
extent.

3.6.3 � Distribution of HMs in organisms
The distribution of HMs in the different parts of Ligus-
ticum chuanxiong is illustrated in Table  S5. The results 
showed that the sensitivity of Ligusticum chuanxiong to 
Cd was higher in the 0%BC-HM and 1%BC-HM groups. 

The highest total concentrations of Pb and Cd in the 
plants were 17.41 and 14.85  mg  kg−1, respectively. At 
the same time, Pb was mainly distributed in the roots 
of the plants, while Cd was mainly distributed in the 
stems of the plants. The same distribution pattern was 
observed in each experimental group. With the addition 
of 3K-BC, the concentration of Cd in each part of Ligusti-
cum chuanxiong was significantly reduced, while only the 
stem part concentration of Pb was significantly reduced 
(p < 0.05). Of the four groups, the group with 0% BC-HM 
exhibited the highest accumulation of HMs. In accord-
ance with the existing literature, the BCF values of Cd in 
each group were all greater than 1, indicating that Cd was 
relatively enriched in Ligusticum chuanxiong (Zeng et al. 
2020). Ligusticum chuanxiong showed an enrichment 
effect on HMs, especially Cd. The BCF values for Pb were 
less than 1, indicating that Ligusticum chuanxiong had 
not yet reached the level of enrichment.

The TF values of Pb and Cd exhibited no statistically 
significant difference in the context of HM pollution 
between 0% BC-HM and 1% BC-HM. It is speculated that 
the addition of biochar will inhibit the transport capac-
ity and enrichment ability of Ligusticum chuanxiong 
roots for HMs. In conclusion, the application of 3K-BC 
resulted in a slight reduction in the Pb and Cd content in 
the Ligusticum chuanxiong root, stem, and leaf. The data 
presented here may be used as a reference for the devel-
opment of a planting technique for Ligusticum chuanx-
iong that facilitates the removal of HMs.

4 � Conclusion
This study explored the use of 3K-BC biochar, derived 
from Traditional Chinese medicinal herb residues (Sal-
via miltiorrhiza residue), to remediate Pb/Cd contamina-
tion in water and soil. Adsorption experiments revealed 
a chemical, monolayer process (pseudo-second-order/
Langmuir models) with high capacities (361.82  mg  g−1 
Pb; 123.03  mg  g−1 Cd), driven by physical adsorption, 
precipitation, complexation, and cation exchange. In 
soil, 1% 3K-BC enhanced urease and phosphatase activ-
ity, but 3% inhibited phosphatase. BCR analysis con-
firmed 3K-BC converted acid-soluble Pb/Cd into stable 
forms, reducing bioavailability and ecological risks. Pot 
trials showed 3K-BC improved Ligusticum chuanxiong 
growth, medicinal quality, and reduced HM uptake. 
Although conducting a systematic evaluation of cost-
effectiveness and long-term stability remains challenging, 
this study demonstrates significant advantages: (1)  Cir-
cular resource utilization  of waste TCM residues elimi-
nates feedstock costs; (2)  Dual functionality  achieves 
simultaneous heavy metal immobilization (>93% Cd 
bioavailability reduction) and plant growth promotion 
(61% chuanxiong  yield increase); (3)  After 50  days of 
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incubation, the residual conversion rates of heavy metals 
in soil were up to 25% (Cd) and 15% (Pb). Current limita-
tions involve plant-specific validation (Apiaceae family) 
and scalability, which will guide future studies on broader 
crop applicability and field-scale economics. The data 
that support the findings of this study are available from 
the corresponding author upon reasonable request.
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