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f lead and zinc in contaminated
soil using taro stem-derived biochar and apatite
amendments: a comparative study of application
ratios and pyrolysis temperatures†
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Pham and Thi Thu Thuy Nguyen

Soil contamination by heavy metals presents a substantial environmental challenge. Remediation strategies

employing biochar and apatite offer promise for restoring compromised sites. However, the efficacy of

apatite and biochar derived from various biomass sources remains an under-investigated area. Taro

stem-derived biochar produced at 300 and 500 °C (TSB300 and TSB500) and apatite amendments were

incubated in contaminated soil for one month at various ratios (biochar 3%, 6%, 10%, mixture of biochar/

apatite 3 : 3%, and 6 : 6% w/w) to investigate their potential to immobilize Pb and Zn. The initial

concentrations of Pb and Zn in the contaminated soil were 4165.1 ± 19.6 mg kg−1 and 3424.9 ±

20.4 mg kg−1, respectively. Soil samples were subjected to Tessier's sequential extraction for analysis of

Pb and Zn in five chemical fractions (F1: exchangeable fraction; F2: carbonate fraction; F3: Fe/Mn oxide

fraction; F4: organic carbon fraction and F5: residual fraction). The results indicated that one-month

biochar and/or apatite amendment significantly increased soil pH, organic carbon (OC), and electrical

conductivity (EC) compared to the control (p < 0.05). Amendments also notably reduced exchangeable

fractions of Pb and Zn (F1) up to 71.8% and 61.5%, respectively, while enhancing their presence in more

stable fractions (F4 and F5). This immobilization effect peaked at the 10% biochar application and 6 : 6%

biochar–apatite combination. These findings suggest that TSB300, TSB500, and their blends with apatite

hold promise for immobilizing Pb and Zn in heavily contaminated soil, potentially mitigating

environmental risks.
1. Introduction

The global spread of heavy metal (HM) pollution has escalated
signicantly due to rapid industrial growth, urbanization, and
certain human activities, such as mining, agricultural practices,
and industrial waste disposal.1,2 These activities have led to
a substantial increase in soil contamination, posing serious
threats to ecosystems, public health, and food security.3–6 Heavy
metals (HMs) are non-biodegradable and can persist in the soil,
entering the food chain via contaminated soil, water, and air.
Once inside organisms, these metals accumulate through bio-
accumulation, endangering human and animal health.7,8

Therefore, effective remediation strategies are necessary to
reduce the concentration of HMs and improve soil quality. The
impact of HMs on soil is inuenced by factors such as metal
concentration, chemical composition, and the surrounding
ence, Tan Thinh Ward, Thai Nguyen City
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the Royal Society of Chemistry
environmental conditions. Merely measuring the total metal
content in soil does not provide a full understanding of their
availability or potential risks. Instead, chemical speciation,
examining how metals interact with different components in
the soil, offers a clearer picture of their behavior, movement,
and toxicity.9,10 Sequential extraction methods, such as Tessier's
Sequential Extraction Procedure (TSEP), are valuable tools in
this context. TSEP provides insight into the bioavailability,
toxicity, and redistribution of metals by fractionating them into
distinct chemical binding states: exchangeable (F1), carbonate
(F2), iron/manganese oxide (F3), organic matter (F4), and
residual (F5) fractions.11,12 This approach has become integral to
environmental research, offering a comprehensive under-
standing of metal speciation in contaminated soils.9,10

To address heavy metal contamination, various remediation
techniques have been explored, including physical, chemical,
and biological approaches. Among these, the immobilization of
HMs using amendments, both organic and inorganic, has
emerged as a cost-effective, rapid, and environmentally friendly
strategy.13 This approach stabilizes metals, limiting their
mobility and bioavailability in the soil. One promising
RSC Adv., 2025, 15, 11975–12000 | 11975
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amendment is biochar, a carbon-rich material produced
through the pyrolysis of organic biomass in low-oxygen condi-
tions,14 Biochar has gained considerable attention as an effec-
tive tool for heavy metal remediation due to its large surface
area, high porosity, and negative charge, which enable it to
adsorb and immobilize metal ions.15,16 Additionally, biochar's
neutral to alkaline pH promotes the precipitation of metals,
further limiting their mobility and bioavailability. Research has
consistently demonstrated the effectiveness of biochar in miti-
gating heavy metal contamination in various soil types.16–18

In addition, recent studies have focused on enhancing bio-
char's effectiveness by combining it with other materials, such
as apatite. Apatite, a phosphate-rich mineral, can immobilize
heavy metals by forming insoluble metal-phosphate complexes,
further reducing the mobility of contaminants in soil.19,20

Apatite minerals, especially calcium phosphate, are effective in
immobilizing lead (Pb) in contaminated soils by forming stable
lead-phosphate complexes, which signicantly reduce lead's
bioavailability and mobility, making them valuable for lead
remediation.21 However, apatite's effectiveness is less
pronounced for other heavy metals, such as zinc (Zn), suggest-
ing selective interactions that limit its applicability in diverse
environments.22 Modifying apatite to uorapatite enhances its
metal retention capacity by providing additional binding sites,
improving its ability to stabilize lead more effectively than
hydroxyapatite.23 Apatite also offers environmental sustain-
ability benets, as its application does not produce harmful
byproducts and has minimal impact on soil microbial
communities.21 However, in acidic soils, apatite can dissolve,
releasing immobilized lead back into the soil solution, and
competing ions such as calcium, iron, and aluminium may
hinder its heavy metal retention.24 The combination of biochar
with apatite has been explored to overcome these limita-
tions.11,18 Biochar enhances heavy metal adsorption through its
high surface area and functional groups, providing more
binding sites and improving metal retention.25 It also acts as
a pH buffer, preventing apatite dissolution in acidic conditions
and mitigating the effects of competing ions.18 This synergy
enhances heavy metal immobilization and improves the long-
term stability of remediation efforts.26

Heavy metal contamination, particularly lead (Pb) and zinc
(Zn), is a signicant environmental concern in areas
surrounding Pb/Zn mining sites, such as Hich village, Dong Hy
district, Vietnam.27 These anthropogenic activities pose
a substantial risk to human health and environmental stability.
While various remediation strategies have been explored, the
use of biochar derived from agricultural waste combined with
apatite offers a promising yet underexplored approach in these
regions.11,28 Despite the potential of this method, there is a lack
of detailed studies examining the effects of combining apatite
with biochar from different sources for heavy metal immobili-
zation. Previous studies have explored the combination of
apatite with biochar derived frommaterials such as rice straw,11

corncob,29 peanut shells,30 pomelo peel,10 and sugarcane
bagasse.10 However, the combination of apatite with biochar
derived from taro stems (Colocasia esculenta) remains unex-
plored. Taro stems, abundant and fast-growing in tropical
11976 | RSC Adv., 2025, 15, 11975–12000
regions like Vietnam, were selected as a feedstock for biochar
production due to their high organic matter content and
moisture, which make them particularly suitable for pyrolysis.
Unlike traditional biochar feedstocks, such as wood and rice
straw, which are primarily composed of cellulose, taro stems
offer a different biomass prole. This study aims to ll this gap
by investigating the potential of apatite–biochar combinations
from taro stems for heavy metal immobilization.

The primary objective of this investigation is to evaluate the
effectiveness of biochar produced from taro stem biomass,
along with a biochar–apatite blend, in affecting the chemical
speciation of heavy metals in contaminated soil. Taro, a plant
abundant in tropical regions such as Vietnam, provides
a sustainable source for biochar production. This study
hypothesizes that biochar derived from taro stems, in combi-
nation with apatite, can immobilize heavymetals and transform
them into more stable chemical forms, reducing their mobility
and bioavailability in contaminated soil.

The specic objectives of this study are as follows: (i) inves-
tigate the physical and chemical properties of taro stem-derived
biochar pyrolyzed at 300 °C and 500 °C; (ii) examine the inu-
ence of biochar on soil properties, including pH, organic carbon
content, and electrical conductivity, and explore their interac-
tions with the exchangeable fraction of heavy metals. (iii) Assess
the effects of biochar type, apatite application, and application
rates on the speciation of heavy metals in contaminated soil.

2. Materials and methods
2.1. Sample gathering and experiment setup

Surface soil samples (approximately 2 kg each) were obtained
from a riceeld situated near a Pb/Zn mine in Thai Nguyen
Province, northern Vietnam (21°43046.2700N, 105°5102.7500E).
The samples encompass a depth of 0–20 cm and have lateral
dimensions of 30 cm × 30 cm. The soil sampled from a corn-
eld in Hich village, Dong Hy district, Vietnam, exhibits
elevated levels of lead (Pb) and zinc (Zn) due to historical
mining activities, making these metals the primary contami-
nants of concern. While other metals, such as copper (Cu),
cadmium (Cd), chromium (Cr), and arsenic (As), are also
present, their concentrations are signicantly lower than those
of Pb and Zn.27 This study focuses on Pb and Zn due to their
higher concentrations and the greater environmental and
health risks they pose. The taro used in this study was
purchased from a local supermarket in Dong Hy district, Viet-
nam. The taro stalk was rst washed with deionized water to
remove contaminants. The stem of the taro stalk (Colocasia
esculenta) was subsequently air-dried for 72 hours to achieve
a consistent moisture content. Pyrolysis was carried out in
a furnace oven under anaerobic conditions at 300 °C and 500 °C
for 1 hour at each temperature. The furnace used was an LHTCT
08/16/C550 (Nabertherm, Germany), connected to a nitrogen
gas supply to ensure anaerobic conditions during biochar
production. The biochar samples derived from taro stalks at
300 °C and 500 °C are designated as TSB300 and TSB500,
respectively. Apatite ore was sourced from Vietnam Apatite Ltd,
located in Lao Cai Province, Vietnam (22°2908.0200N, 103°
© 2025 The Author(s). Published by the Royal Society of Chemistry
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58014.3800E). (22°2908.0200N, 103°58014.3800E).30 The amendments
(biochar and apatite) underwent pre-treatment by size reduc-
tion to a fraction less than 1 mm before being incorporated into
the soil.11

2.2. Experimental design

For each treatment plot, 100 g of homogenized contaminated
soil was carefully measured and transferred into individual
glass containers. To prepare the experimental mixtures, biochar
and apatite were added to the soil at predetermined mass ratios
of 3%, 6%, and 10% biochar by weight. Additionally, the bio-
char–apatite combinations were prepared as follows: (i)
a mixture of 3 g of biochar and 3 g of apatite was combined with
100 g of the studied soil to create a 3% combination sample,
and (ii) a mixture containing 6 g of biochar and 6 g of apatite
was blended with 100 g of the studied soil to create a 6%
combination sample. These treatments were designed to
investigate the effects of varying biochar and apatite application
rates on the soil's properties.

The experiment included 10 treatment groups, each con-
sisting of 3 replicates, totalling 30 soil samples that underwent
incubation. Additionally, 3 blank soil replicates (untreated
contaminated soil) were incorporated as controls, resulting in
a total of 33 samples. The treatment groups varied in the
application rates of biochar (TSB300 and TSB500) and apatite
ore, with biochar derived from taro stalk (Colocasia esculenta),
pyrolyzed at 300 °C (TSB300) or 500 °C (TSB500).

The incubation took place over 30 days under controlled
laboratory conditions, with regular monitoring of soil moisture
to maintain consistency. The glass containers were randomized
within blocks to minimize potential environmental inuences,
such as light, humidity, and temperature uctuations, which
could affect the results. This randomization process ensured
that the placement of the containers within the incubation
space was unbiased and that any environmental gradients did
not inuence the treatment outcomes, thereby enhancing the
reliability and validity of the results.29 A detailed description of
the incubation setup, including temperature conditions, is
provided in Table 1.
Table 1 The incubation experimenta

Sample Sample code Apatite (g)

Contaminated soil (CS, untreated) BS 0
CS + 3% TSB300 TB3_3 0
CS + 6% TSB300 TB3_6 0
CS + 10% TSB300 TB3_10 0
CS + 3% TSB500 TB5_3 0
CS + 6% TSB500 TB5_6 0
CS + 10% TSB500 TB5_10 0
CS + 3% TSB300 + 3% AP TB3A3 3
CS + 6% TSB300 + 6% AP TB3A6 6
CS + 3% TSB500 + 3% AP TB5A3 3
CS + 6% TSB500 + 6% AP TB5A6 6

a TSB300: biochar derived from taro stalk (Colocasia esculenta) pyrolysis
(Colocasia esculenta) pyrolysis at a temperature of 500 °C; BS: untreate
a reference point for comparison without biochar amendment; incubatio

© 2025 The Author(s). Published by the Royal Society of Chemistry
The soil samples were incubated for 30 days within an
ambient temperature range of 22–28 °C. To maintain a stable
moisture content of approximately 70%, deionized water was
gradually added to the soil every 48 hours, as described by
Vuong et al. (2025).18 Moisture levels were carefully controlled
throughout the incubation, while temperature was monitored
only within the typical laboratory range of 22–28 °C. Since
temperature affects microbial activity, metal mobility, and
sorption dynamics, variations in this range were deemed
insignicant for the study's objectives. However, future research
should consider precisely regulating and documenting
temperature uctuations to better understand their potential
impact on metal speciation and biochar performance. Aer the
30-day incubation, the soil was dried in an oven at 45 °C for 48
hours, ground into a ne powder, and passed through a 2 mm
sieve for further analysis. Sieving to <2 mm is a standard
preparatory procedure, but further grinding to <1 mm may be
necessary for specic heavy metal analyses.29

2.3. Analyzing soil properties and amendment
characteristics

2.3.1. Characterization of physical and chemical proper-
ties. The physicochemical properties of the soil samples and
amendments (biochar and apatite) were characterized at two-
time points: before incubation and aer one month of incu-
bation with the amendments. To determine the pH and EC of
the soil and amendments (TSB300, TSB500, and AP), a stan-
dardized 1 : 10 (w/v) ratio of sample to deionized water was used
to prepare the measurement solutions. A Hanna HI 9124 pH
meter was then employed to perform the analysis.31 To char-
acterize the texture of the investigated soil, the pipette method
was employed to analyze the proportions of clay, silt, and sand
particles within the soil sample.32 An assessment of organic
carbon (OC) in the soil samples and amendments (biochar and
apatite) was conducted using the Walkley–Black titration
method.33

2.3.2. Heavy metal analysis. Microwave-assisted acid
digestion was employed as a pretreatment step to prepare the
soil sample for subsequent analysis of total heavy metal
Biochar (g) Soil (g) Ratio (biochar) (%) Ratio (apatite) (%)

0 100 0
3 100 3 N/A
6 100 6 N/A

10 100 10 N/A
3 100 3 N/A
6 100 6 N/A

10 100 10 N/A
3 100 3 3
6 100 6 6
3 100 3 3
6 100 6 6

at a temperature of 300 °C. TSB500: biochar derived from taro stalk
d soil sample contaminated with lead (Pb) and zinc (Zn) serving as
n time: 30 days. N/A: not applicable.

RSC Adv., 2025, 15, 11975–12000 | 11977
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concentrations. Microwave-assisted acid digestion was per-
formed on the soil sample to prepare it for subsequent analysis.
A 0.1000 g subsample of the soil was weighed and then mixed
with 8 mL of a concentrated HNO3 : HCl solution (1 : 3 v/v) in
a Mars 6 microwave system.27,30 The operating conditions
employed during microwave digestion are presented in Table S1
of the ESI†. For the inductively coupled plasma mass spec-
trometry (ICP-MS) analysis performed using an Agilent 7900
instrument, the specic operational parameters are provided in
Table S2 of the ESI†. Validation of the analytical method for Pb
and Zn was achieved through the analysis of MESS-4, a certied
reference material for sediment. The recoveries of these
elements in MESS-4 were 109.27% for Pb, and 103.22% for Zn,
as detailed in Table S2 of the ESI†. A ve-step sequential
extraction procedure derived from Tessier's method12 was
employed to determine the operational speciation of heavy
metals within the soil samples (Table S3, ESI†). This method
separates metals based on their extractability, dening ve
fractions: exchangeable (F1), carbonate-bound (F2), associated
with Mn/Fe-hydroxides (F3), complexed with organic matter
(F4), and residual (F5).

2.3.3. Surface characterization of amendments. Fourier
transform infrared spectroscopy (FTIR) with a JASCO FT/IR-
4600 instrument (JASCO International Co. Ltd, Tokyo, Japan)
was utilized to investigate the surface chemistry of apatite and
biochar (TSB300 and TSB600) by identifying the functional
groups present.30 To investigate the surface morphology and
elemental composition of the amendments, high-resolution
imaging and elemental analysis were performed using a eld
emission electron microscope (FE-SEM, JSM-6700F, JEOL,
Akishima, Tokyo, Japan) coupled with an energy dispersive
spectrometer (EDS).10 Nitrogen gas adsorption–desorption
isotherms were measured using a Brunauer–Emmett–Teller
(BET) surface area analyzer (TriStar II 3020, Micromeritics
Instrument Corporation, USA) to determine the surface area
and pore size distribution of the materials.10

2.4. Statistical analysis

Statistical analyses and data visualizations were conducted
using a range of soware programs. Initial data manipulation
and basic calculations were performed in Microso Excel 2019.
Table 2 Properties of the studied soil, biochar, and apatite orea

Properties Unit Studied soil

Sand % 66.72 � 0.43
Silt % 6.32 � 0.21
Clay % 26.96 � 0.54
pH 6.97 � 0.01
OC % 3.21 � 0.23
EC mS cm−1 44.8 � 0.8
Pb mg kg−1 4165.1 � 19.6
Zn mg kg−1 3424.9 � 20.4
S(BET) m2 g−1 —

a OC: organic carbon; EC: electrical conductivity; TSB300: biochar derived
TSB500: biochar derived from taro stalk (Colocasia esculenta) pyrolysis at a
detection, –: no analysis; mean ± standard deviation; three replicates n =

11978 | RSC Adv., 2025, 15, 11975–12000
For more advanced statistical analyses and the generation of
high-quality graphs, Origin Pro 2021 (OriginLab Corp., USA)
was used.

Triplicate data were statistically analyzed in Excel 2019 to
calculate mean values and standard deviations (SD). All data
presented in tables and gures are expressed as the mean ± SD.
To assess potential differences between treatment means,
a one-way analysis of variance (ANOVA) was conducted using
Origin Pro 2021, assuming homogeneity of variances and
normality of residuals. Statistical signicance was determined
at a level of p < 0.05.

Additionally, principal component analysis (PCA) and
Spearman correlation analysis were carried out using Origin Pro
2021 to explore data patterns and relationships between vari-
ables. The Spearman correlation was chosen due to its non-
parametric nature, making it suitable for the type of data typi-
cally encountered in soil research, particularly when evaluating
correlations between soil characteristics and heavy metal
concentrations.
3. Results and discussion
3.1. Evaluation of soil and amendment properties through
physicochemical analyses

The initial soil pH, organic carbon (OC) content, and electrical
conductivity (EC) are key factors that inuence the mobility and
bioavailability of heavy metals in the soil. An evaluation of the
analyzed soil's fundamental physicochemical properties (pH,
EC, and OC) was conducted, with the results presented in Table
2. The data reveal a moderate organic carbon content (average:
3.21± 0.23%) and an electrical conductivity (average: 44.8± 0.5
mS cm−1) in the soil. The soil pH was determined to be 6.97. A
neutral pH is generally linked to reduced metal adsorption, as it
provides fewer metal-binding sites compared to acidic or alka-
line soils, where such sites are more abundant. Furthermore,
low organic carbon (OC) content, which plays a key role in metal
binding via organic functional groups, may increase the
mobility of contaminants. Reduced electrical conductivity (EC),
which indicates a limited ion exchange capacity, can also
prevent metal ions from binding, thus enhancing their mobility
in the soil solution. By understanding these factors, soil
TSB300 TSB500 AP

— — —
— — —
— — —
10.08 � 0.01 10.68 � 0.01 9.06 � 0.01
44.56 � 0.25 45.32 � 0.41 3.04 � 0.09
4070 � 2.5 3520 � 3.5 370.6 � 0.8
1.1 � 0.4 1.2 � 0.3 5.1 � 0.6
2.8 � 0.4 3.7 � 0.5 9.5 � 0.3
31.79 7.03 0.41

from taro stalk (Colocasia esculenta) pyrolysis at a temperature of 300 °C;
temperature of 500 °C; AP: apatite ore; S(BET): surface area, LOD: limit of
3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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amendments such as biochar and apatite can be tailored to
more effectively immobilize heavy metals, minimize their
environmental impact, and promote soil health.

Furthermore, the analysis revealed signicant heavy metal
contamination, with average concentrations of Pb and Zn at
4165.1 ± 19.6 mg kg−1 and 3424.9 ± 20.4 mg kg−1, respectively.
These ndings align with previous studies conducted in the
same area, which reported elevated Pb and Zn levels ranging
from 2000 to over 4000 mg kg−1 (ref. 11,27 and 30).

Notably, the measured heavy metal concentrations signi-
cantly exceed the permissible limits established by Vietnamese
National Technical Regulation (QCVN 03-MT: 2015/BTNMT) for
agricultural soils by factors of approximately 59.5 and 17.1 for
Pb and Zn, respectively (permissible limits: Pb= 70mg kg−1, Zn
= 200 mg kg−1).34
Fig. 1 FT-IR spectra of (a) the stem of the taro stalk (TS), biochar derived
and (b) apatite ore.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Biochar and apatite ore were chosen for their ability to
modify the physicochemical properties of the soil and reduce
heavy metal contamination. While the soil's neutral pH (6.97)
enhances the solubility and mobility of Pb and Zn,35 biochar,
with its large surface area, can increase organic carbon (OC)
content, improve metal retention, and slightly raise pH, thereby
reducing metal solubility. Apatite ore reacts with Pb and Zn to
form insoluble phosphate complexes, reducing their mobility
and bioavailability, particularly in neutral pH soils. With Pb
(4165.1 ± 19.6 mg kg−1) and Zn (3424.9 ± 20.4 mg kg−1) levels
being signicantly high, both amendments were selected to
immobilize these metals and decrease their environmental and
health impacts. These amendments are especially effective for
this soil, as they improve metal retention and mitigate
from the taro stalk's stem at 300 °C (TSB300), and at 500 °C (TSB500),

RSC Adv., 2025, 15, 11975–12000 | 11979
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contamination risks by addressing its low OC, EC, and
neutral pH.
3.2. Characteristics of amendments

3.2.1. Fourier Transform Infrared Spectroscopy analysis of
amendments (FT-IR). Fig. 1 presents the FT-IR spectra of the
stem of the taro stalk (TS), biochars derived from TS at 300 °C
(TSB300) and 500 °C (TSB500), and apatite ore. Fig. 1a focuses
on a comparison among TS, TSB300 and TSB500. All spectra
exhibit a characteristic peak at about 3398 cm−1, assigned to
O–H stretching vibrations, with decreasing intensity in the
order TS > TSB300 > TSB500.36,37 This trend indicates
a progressive decline in hydroxyl groups due to decomposition
at higher pyrolysis temperatures. Additionally, a peak around
2931 cm−1, attributed to C–H stretching,38 was prominent in TS
but diminished signicantly in TSB300 and TSB500, signifying
C–H group decomposition with increasing pyrolysis tempera-
ture. The peak at 1569 cm−1 corresponded to aromatic C]C
stretching vibrations,38,39 while peaks near 1412 cm−1 were
likely due to phenolic –OH and C–O linkages.40 These peaks
were more intense in TSB300 and TSB500 compared to TS. The
Table 3 Key FT-IR peaks and corresponding functional groups of amen

Peak (cm−1) Functional group

3398 O–H stretching vibrations

2931 C–H stretching

1569 Aromatic C]C stretching
vibrations

1412 Phenolic –OH and C–O linkages

1060 C–O–H or C–O–C stretching

1094, 1049 PO4
3− asymmetric and symmetric

stretching

574, 464 PO4
3− bending vibrations

3618, 3446 O–H stretching vibrations

797 F− stretching vibration

1437 CO3
2− stretching vibration

11980 | RSC Adv., 2025, 15, 11975–12000
peak at 1060 cm−1, assigned to C–O–H or C–O–C stretching,36,41

was strongest in TS and negligible in TSB300 and TSB500.
The signicant decrease in peak intensities of –OH

(3398 cm−1), C–H (2931 cm−1), and C–O (1060 cm−1) upon
pyrolysis at 300 °C and 500 °C suggests the decomposition of
cellulose, hemicellulose, and lignin components.42 The FT-IR
results of TSB300 and TSB500 primarily correspond to func-
tional groups associated with cellulose (hydroxyl groups),
hemicellulose (acetyl ester carbonyls), and lignin (carbonyl
aldehydes).18 The FT-IR spectrum of the apatite ore (Fig. 1b)
displays four characteristic peaks at approximately 1094, 1049,
574, and 464 cm−1. These peaks correspond to the signature
vibrational modes of the PO4

3− ion, assigned to the asymmetric
stretching (1094 cm−1), symmetric stretching (1049 cm−1),
asymmetric bending (574 cm−1), and bending (464 cm−1) of the
P–O bond and O–P–O angle, respectively.43,44 Additionally, peaks
observed around 3618 and 3446 cm−1 were attributed to O–H
stretching vibrations in hydroxyl groups (OH−) or adsorbed
water molecules.30,45 The presence of a peak near 797 cm−1

conrms the incorporation of F− ions into the apatite structure.
Furthermore, the presence of a CO3

2− stretching vibration at
1437 cm−1 signies that the analyzed ore sample is a uoro-
dments

Amendment Signicance/interaction

Taro stalk (TS),
TSB300, TSB500

Indicates the presence of hydroxyl
groups, potential for hydrogen
bonding and adsorption of heavy
metals

Taro stalk (TS) Associated with alkyl groups,
decreased in biochars, suggesting
the loss of hydrophobicity with
pyrolysis

TSB300, TSB500 Indicates aromatic structures,
relevant for p–p interactions with
organic pollutants and metal ions

TSB300, TSB500 Suggests the presence of phenolic
groups, relevant for chelation or
surface complexation with metals

Taro stalk (TS) Indicates C–O groups; less
signicant in biochars, which could
inuence metal adsorption via
surface interaction

Apatite ore Characteristic of phosphate groups;
important for precipitation or ion
exchange with heavy metals

Apatite ore Associated with P–O bonds, key for
adsorption mechanisms with heavy
metals in soil solution

Apatite ore Hydroxyl groups; potential for water
molecule adsorption, inuencing
metal ion availability and
interactions

Apatite ore Indicates the incorporation of
uoride, relevant for ion exchange
with metal ions

Apatite ore Indicates carbonate groups;
important for complexation and
adsorption of cations like Pb2+ and
Zn2+

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydroxycarbonate apatite, consistent with previous FT-IR
studies of apatite ore.45,46 These ndings conrm the presence
of key functional groups (PO4

3−, OH−, CO2
3−) within the apatite

ore structure, which have the potential to interact with heavy
metals in soil solution via precipitation or ion exchange
mechanisms as reported in the previous study.30 The summary
information of FT-IR peaks and Corresponding Functional
Groups of Amendments is shown in Table 3.

3.2.2. SEM-EDS analysis of amendments. FE-SEM analysis
of materials: a eld emission electron microscope (FE-SEM) was
employed to investigate the surface morphology of biochar
(TSB300 and TSB500), and apatite ore (AP). The FE-SEM images
depicting the surface morphology of TS, TSB300, and TSB500
are presented in Fig. 2.

FE-SEM micrographs demonstrate a clear distinction in
surface morphology between elephant ear taro stem (TS) and
apatite ore (AP) (Fig. 2a and d) compared to two kinds of biochar
derived from TS at 300 °C (TSB300) and 500 °C (TSB500) (Fig. 2b
and c). While TS and AP exhibited non-porous surfaces, TSB300
and TSB500 displayed a characteristically heterogeneous bio-
char structure with abundant pores.

During pyrolysis under anaerobic conditions, the decompo-
sition of taro stem (TS) at 300 °C and 500 °C results in the
release of gaseous species, including CH4, H2, CO, CO2, which
are byproducts of the process.47 The evolution of these gases
contributes to the formation of porosity and a honeycomb-like
structure within the biochar. Scanning electron microscopy
(SEM) images qualitatively conrm that the pore content in
Fig. 2 Field emission electron microscope (FE-SEM) images of material

© 2025 The Author(s). Published by the Royal Society of Chemistry
biochar produced at 300 °C (TSB300) and 500 °C (TSB500) is
signicantly higher compared to the raw taro stem (TS) and
apatite ore (AP). Although a formal enumeration of the pores
was not conducted in this study, the SEM images indicate
a visible increase in porosity in TSB300 and TSB500, suggesting
their greater potential for heavy metal adsorption compared to
the native materials (TS and AP). This enhanced porosity likely
contributes to their higher surface area, which is known to play
a critical role in biochar's ability to adsorb contaminants.
Studies have shown that a higher porosity provides more
surface area for interaction with metal ions such as Pb and Zn,
thus improving the biochar's adsorption capacity.48 Biochar's
microporous structure, formed during pyrolysis, creates more
available adsorption sites, further increasing its capacity to
retain heavy metals.49

Energy-dispersive X-ray spectroscopy (EDX) was used to
analyze the elemental composition of the material surfaces,
with the corresponding spectra shown in Fig. 3a–c.

The EDX results revealed that carbon (C) and oxygen (O) were
the predominant elements in TSB300 and TSB500, as shown in
Fig. 3a and b. In contrast, the apatite ore displayed a more
diverse elemental prole, with trace amounts of calcium (Ca),
potassium (K), iron (Fe), silicon (Si), magnesium (Mg),
aluminum (Al), and others, along with the primary presence of
C and O (Fig. 3c). These ndings are consistent with prior
research indicating that biochar, predominantly composed of
carbon and oxygen, benets from surface functional groups for
heavy metal remediation.50 Additionally, studies suggest that
s: (a) TS, (b) TSB300, (c) TSB500, (d) apatite (AP).

RSC Adv., 2025, 15, 11975–12000 | 11981
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Fig. 3 Energy-dispersive X-ray spectroscopy (EDX) analysis of TSB300 (a), TSB500 (b), and apatite (c).
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higher oxygen content on biochar surfaces improves the
adsorption of divalent metals like Pb2+ and Zn2+.51 Apatite ore,
classied as uorine-apatite in the Lao Cai region, showed
increased concentrations of silicon (Si), calcium (Ca), uorine
(F), and phosphorus (P), further distinguishing it from
biochar.10

3.2.3. Brunauer–Emmett–Teller (BET) surface area anal-
ysis. BET surface area analysis, as detailed in Table 2, revealed
11982 | RSC Adv., 2025, 15, 11975–12000
a pronounced difference between biochar (TSB300 and TSB500)
and apatite ore (AP). TSB300 exhibited a signicantly higher
surface area (31.79 m2 g−1) compared to AP (0.41 m2 g−1), which
aligns with the general trend of increased surface area in bio-
char produced at higher temperatures. However, a surprising
deviation from this trend was observed for TSB500. Despite
being produced at a higher temperature (500 °C) compared to
TSB300 (300 °C), TSB500 displayed a notably lower surface area
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Impact of biochar and apatite on soil organic carbon, elec-
trical conductivity, and pH after one-month incubationa

Sample pH OC (mg kg−1) EC (mS cm−1)

BS 6.98 � 0.01h 20.16 � 0.46f 44.8 � 1.3k

TB3_3 8.59 � 0.01g 39.54 � 0.57e 125.3 � 0.4h

TB3_6 9.08 � 0.01f 51.3 � 0.62cd 277.5 � 0.5c

TB3_10 9.67 � 0.01b 89.06 � 0.64a 459.9 � 0.9a

TB3A3 9.17 � 0.01e 40.59 � 0.74e 129.9 � 0.8g

TB3A6 9.39 � 0.01d 53.29 � 0.89b 191.0 � 1.5i

TB5_3 9.06 � 0.01f 39.54 � 0.92e 131.1 � 1.3g

TB5_6 9.17 � 0.01e 49.6 � 0.56d 183.9 � 0.9e

TB5_10 9.86 � 0.01a 87.24 � 0.51a 449.0 � 1.5b

TB5A3 9.16 � 0.01e 38.9 � 0.54e 136.3 � 0.8f
TB5A6 9.49 � 0.01c 52.71 � 0.69bc 252.7 � 1.4d

a Superscript letters throughout the text signify the absence of
statistically signicant differences (p $ 0.05) between the compared
groups based on student's t-test analysis.
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(7.03 m2 g−1). This unexpected result can be explained by the
decomposition of lignin functional groups at elevated temper-
atures (450–500 °C). The taro stems likely underwent more
extensive thermal degradation of volatile organic compounds,
which contributed to the reduction in porosity and surface area.
This process results in a more condensed and less porous
structure as the biomass undergoes further carbonization. This
decomposition likely leads to pore shrinkage within the biochar
structure, resulting in a decrease in the overall surface area of
TSB500 compared to TSB300. This phenomenon of surface area
reduction with increasing pyrolysis temperature has been
documented in previous research conducted by Umchimia
et al., (2011),47 who observed similar trends in biochar derived
from cottonseed hulls pyrolyzed at different temperatures.

Biochar was selected for its substantial surface area, the
presence of functional groups that facilitate metal adsorption,
and its capacity to buffer soil pH. In soils with limited organic
carbon (OC), biochar proves to be an effective amendment,
enhancing metal retention and improving soil structure, which
in turn diminishes the bioavailability and mobility of Pb and
Zn. Conversely, apatite ore, although having a lower surface
area than biochar, was chosen for its ability to form insoluble
metal-phosphate complexes with Pb and Zn, thus reducing their
bioavailability. Apatite also aids in buffering soil pH, making it
especially useful in neutral to alkaline soils and providing
a synergistic approach for immobilizing heavy metals in soils
with low OC. The surface area of biochar and apatite signi-
cantly inuences their efficiency in remediating Pb and Zn
contamination. Biochar, with its larger surface area and higher
pH, mainly utilizes adsorption and precipitation to immobilize
metals, proving highly effective in reducing metal bioavail-
ability. On the other hand, apatite, despite its smaller surface
area, relies on precipitation and chemical interactions with
metal ions to immobilize the metals, making surface area less
critical. The combination of these materials offers a compre-
hensive solution for soil remediation by harnessing both
adsorptive and precipitative mechanisms.
3.3. Soil pH, organic carbon (OC), and electrical conductivity
(EC)

Soil properties such as pH, organic carbon (OC), and electrical
conductivity (EC) are critical factors inuencing the effective-
ness of biochar in heavy metal remediation. The effects of
biochar on these properties were signicantly observed in the
biochar-amended soils, as detailed in Table 4.

3.3.1. Soil pH. Soil pH plays a crucial role in determining
the effectiveness of heavy metal remediation strategies, as it
directly inuences the exchangeable fractions of heavy metals
in the soil matrix. As indicated in Table 4, all biochar-amended
soils showed a signicant increase in pH compared to the
control (BS). ANOVA results revealed a statistically signicant
difference in pH across the various treatments (p < 0.05), and
Tukey's post-hoc test further conrmed that biochar treatments
led to a substantial increase in pH relative to the control (p <
0.01). The addition of TSB300 and TSB500 biochars caused
a moderate elevation in soil pH aer a one-month incubation
© 2025 The Author(s). Published by the Royal Society of Chemistry
period. Notably, a positive correlation was observed between the
biochar amendment rate and the increase in soil pH. The
TB5_10 treatment, which contained 10% TSB500 biochar,
exhibited the highest pH (9.86), surpassing the TB3_10 treat-
ment with 3% TSB300 biochar (9.67). These ndings are
consistent with previous studies,10,11,18 which have shown that
biochar generally has a higher pH compared to native soil. The
elevated pH of biochar is likely a key factor in reducing the
exchangeable forms of lead (Pb) and zinc (Zn) in the soils. An
increase in pH facilitates the precipitation of Pb and Zn
hydroxides, thereby decreasing the concentration of these
metals in their exchangeable fraction (F1).

In conclusion, biochar amendment signicantly increases
soil pH, enhancing the immobilization of lead (Pb) and zinc
(Zn) by reducing their exchangeable fractions.

3.3.2. Organic carbon (OC). As shown in Table 3, biochar
amendment signicantly elevated soil organic carbon (OC)
content compared to the control soil (BS) aer a 30-day incu-
bation period (p < 0.05). This observation aligns with the
inherent carbon-rich nature of biochar. Furthermore, a positive
correlation was observed between the biochar amendment rate
and the resulting soil OC content. The TB3_10 treatment, con-
taining 10% TSB300 biochar, exhibited the highest recorded OC
value (89.06 ± 0.64 mg kg−1), exceeding the TB5_10 treatment
(87.24 ± 0.51 mg kg−1) amended with the same 10% of TSB500
biochar. Consequently, the TB3_10 and TB5_10 samples dis-
played a substantial increase in OC content, with values 4.42
and 4.32 times higher, respectively, compared to the control.
This gradual increase in soil OC content followed a dose-
dependent pattern, with the order being 3% < 6% < 10% bio-
char amendment. The high OC content in the TB3_10 and
TB5_10 samples can be attributed to the inherent OC content of
the biochars themselves, with TSB300 (44.56 ± 0.25 mg kg−1)
displaying a slightly higher value compared to TSB500 (45.32 ±

0.41 mg kg−1) as shown in Table 2. This nding corroborates
previous research that has documented a positive association
between biochar amendment rate and increased soil OC.30,52,53

This increase in OC content is attributed to the carbon-rich
nature of biochar, which can interact with heavy metals like
RSC Adv., 2025, 15, 11975–12000 | 11983
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Pb and Zn through functional groups such as carboxyl and
phenolic groups. These interactions enhance metal immobili-
zation, decreasing the metals' bioavailability and limiting their
mobility.54 Biochar thus plays a critical role in the sequestration
of heavy metals in contaminated soils.

3.3.3. Electrical conductivity (EC). Electrical conductivity
(EC) plays a signicant role in soil research and remediation
strategies for heavy metals. Table 4 presents the EC values of
control and biochar-amended soils. The data reveals a statisti-
cally signicant difference (p < 0.05) between the control soil
and all incubated samples. Notably, the TB3_10 treatment,
containing 10% TSB300 biochar, exhibited the highest EC value
(459.9 ± 0.9 mS cm−1). This value slightly exceeded that of the
TB5_10 treatment (449.0 ± 1.5 mS cm−1) with the same
amendment rate, but different biochar (TSB500). This can be
attributed to the slightly higher EC value of TSB300 (4070 ± 2.5
mS cm−1) compared to that of TSB500 (3520± 3.5 mS cm−1). This
observation aligns with the inherent property of biochars to
possess high EC, as evidenced by Table 4, which demonstrates
their considerably higher values compared to native soil and
apatite ore. These ndings support previous studies that re-
ported the positive correlation between biochar amendment
rates and increased soil EC.9,10

Elevated EC can enhance the soil's ability to adsorb and
immobilize heavy metals. However, high EC may also lead to
competition for adsorption sites between metal ions and other
cations like Ca2+ andMg2+, potentially reducing the efficiency of
Table 5 Chemical fractions of lead and zinc in soil after one-month inc

Sample F1 (mg kg−1) F2 (mg kg−1)

Pb
BS 433.2 � 13.2a 2012.3 � 45.2a

TB3_3 287.7 � 9.8c 1970.9 � 36.2a

TB3_6 211.62 � 14.2de 1756.6 � 45.3c

TB3_10 121.8 � 8.1f 1961.3 � 43.4a

TB3A3 302.9 � 9.1c 1963.6 � 53.2a

TB3A6 211.6 � 8.0e 1898.7 � 36.2b

TB5_3 347.1 � 10.7b 1987.9 � 34.8a

TB5_6 216.2 � 11.8de 1866.2 � 28.5b

TB5_10 141.6 � 10.9f 1716.5 � 42.1c

TB5A3 231.4 � 9.8d 1927.0 � 53.1a

TB5A6 222.3 � 15.3de 1871.3 � 64.2b

Zn
BS 317.0 � 11.1a 613.8 � 10.5bc

TB3_3 160.5 � 10.2dc 474.3 � 11.6e

TB3_6 137.1 � 12.2ef 593.3 � 12.8d

TB3_10 129.4 � 10.6f 576.9 � 11.4d

TB3A3 150.8 � 11.3de 642.1 � 12.5b

TB3A6 137,3 � 9.1ef 569.3 � 13.4d

TB5_3 172.7 � 10.3c 646.8 � 10.3b

TB5_6 160.5 � 12.4dc 561.2 � 12.5d

TB5_10 205.9 � 12.8b 663.0 � 12.8b

TB5A3 164.8 � 10.1dc 752.5 � 21.9a

TB5A6 187.7 � 8.0bc 623.7 � 20.2bc

a Superscript letters throughout the text signify the absence of statistically
student's t-test analysis. F1: exchangeable fraction; F2: carbonate fractio
fraction.

11984 | RSC Adv., 2025, 15, 11975–12000
metal immobilization. It is important to monitor EC levels to
avoid negative effects such as osmotic stress, nutrient imbal-
ances, and soil salinization, which could compromise the long-
term effectiveness of biochar in soil remediation.

In summary, biochar and apatite amendments resulted in
increased soil pH, organic carbon, and electrical conductivity,
all of which play essential roles in immobilizing heavy metals in
contaminated soils. However, careful management of these
properties is necessary to ensure the long-term success of bio-
char as a remediation tool, as excessively high pH or EC could
have detrimental effects on soil health and nutrient availability.
3.4. Chemical speciation of lead and zinc in control and
incubated soils aer a 30-day incubation

3.4.1. Pb speciation. The chemical speciation of lead (Pb)
in the control soil (BS) and incubated soils is presented in Table
5. This table details the distribution of Pb into various chemical
fractions. For both Pb and Zn, a broader perspective of their
chemical fraction distribution within the soil is illustrated in
Table S4 (ESI)† and Fig. 4. Table S4† provides the percentage
values for the chemical fractions (F1, F2, F3, F4, and F5) of Pb
and Zn, presented as percentages, in both the control soil
samples and those treated with biochar and apatite ore. Fig. 4a
and b display the distribution of the chemical fractions for Pb
(Fig. 4a) and Zn (Fig. 4b) in the form of 100% stacked bar charts.
One-way ANOVA was used for statistical analysis to assess the
mean concentrations of Pb and Zn across various treatments
ubation with biochar and apatitea

F3 (mg kg−1) F4 (mg kg−1) F5 (mg kg−1)

700.2 � 10.3a 182.0 � 4.9e 837.3 � 16.3 cd

663.7 � 11.1b 277.1 � 5.0a 890.1 � 22.8b

601.2 � 11.6d 226.5 � 4.2c 884.0 � 20.5b

570.6 � 9.8e 213.7 � 5.3d 893.1 � 23.1b

657.6 � 12.4b 254.9 � 3.2b 886.7 � 19.8b

598.22 � 10.7d 218.6 � 4.5d 749.7 � 14.2e

575.4 � 8.6e 232.3 � 6.9c 851.2 � 18.6bc

619.5 � 9.5 cd 216.4 � 3.6d 791.6 � 28.3de

572.3 � 8.4e 210.4 � 5.9d 1027.5 � 30.1a

639.3 � 10.3bc 217.1 � 5.5d 799.2 � 24.4de

599.7 � 14.9d 212.5 � 4.0d 761.1 � 30.3e

1053.9 � 40.6a 96.2 � 2.3f 1344.0 � 23.7a

1057.3 � 50.2a 121.7 � 1.3c 1238.2 � 12.2b

986.7 � 26.4b 120.3 � 3.3c 1117.0 � 15.3c

981.5 � 30.4b 115.9 � 2.5d 1242.9 � 21.7b

1061.9 � 30.6a 148.2 � 2.9b 1324.9 � 19.3a

995.9 � 28.2b 124.1 � 3.2c 1066.5 � 16.5d

993.6 � 29.6b 108.5 � 1.9e 1396.5 � 20.1a

1056.1 � 21.4a 127.0 � 4.2c 1287.5 � 16.0b

1052.9 � 30.6a 155.5 � 1.3a 1357 � 18.4a

1045.8 � 31.8a 115.7 � 2.6d 1144.1 � 23.4c

1016.9 � 22.5a 112.6 � 4.5d 1166.3 � 13.9c

signicant differences (p$ 0.05) between the compared groups based on
n; F3: Fe/Mn-oxide fraction; F4: organic carbon fraction; F5: residual

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Percentage of Pb (A) and Zn (B) chemical fractions in studied soils after 30 days of incubation with biochar and apatite.
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(biochar, apatite ore, control). A p-value below 0.05 was regar-
ded as statistically signicant. Tukey's HSD post-hoc test indi-
cated that the biochar treatment led to a signicant reduction in
the bioavailable Pb fraction (F1) relative to the control (p < 0.05).

Fig. 4 and Table S4† reveal that the control soil sample (BS)
exhibited a decreasing order of Pb concentration distribution:
F2 (48.3%) > F5 (20.1%) > F3 (16.8%) > F1 (10.4%) > F4 (4.4%).
Pb was predominantly present in the carbonate-bound form
(F2) and least in the organic carbon-bound form (F4) and
© 2025 The Author(s). Published by the Royal Society of Chemistry
exchangeable form (F1). The distribution pattern of Pb across
the different forms underwent alterations upon incubation with
varying biochar and apatite ratios in the soil.

3.4.1.1. Exchangeable fraction (F1_Pb). Sequential extraction
revealed a signicant decrease in the exchangeable Pb (F1_Pb)
fraction in biochar-amended soil samples compared to the
control soil (BS). The F1_Pb content in BS was 433.2 ± 13.2 mg
kg−1, contributing to 10% of the total Pb in the studied soil's
ve chemical fractions. In contrast, biochar-amended soils
RSC Adv., 2025, 15, 11975–12000 | 11985
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exhibited values ranging from 3.2% to 9%. Notably, the lowest
F1_Pb concentration was observed in sample TB3_10 (121.8 ±

8.1 mg kg−1), contributing to 3.2%, when the soil was amended
with 10% TSB300 biochar. This result indicates that the
exchangeable fraction of Pb decreased by up to 71.8% compared
to the control soil (BS). This trend continued with sample
TB5_10 (3.9%), amended with 10% TSB500 biochar. Statistical
analysis (p < 0.05) conrmed a signicant reduction in F1_Pb
across all biochar amendment ratios (3%, 6%, and 10%) and co-
amendment ratios (3 : 3% and 6 : 6% biochar–apatite)
compared to the control. These ndings demonstrate
a substantial alteration in Pb mobility upon biochar amend-
ment, suggesting its potential for Pb immobilization in
contaminated soils. This result demonstrates the effectiveness
of biochar and apatite amendment in reducing the exchange-
able Pb fraction (F1_Pb) within the amended soil samples.
Notably, a dose-dependent decrease in F1_Pb was observed,
with higher biochar amendment rates leading to a further
reduction in exchangeable Pb. This suggests a reduction in Pb
mobility within the soil matrix, thereby mitigating the risk of Pb
leaching and subsequent environmental contamination. These
results align with previous studies, which reported a signicant
decrease in soil F1_Pb following biochar amendment at
appropriate ratios.11,29,55 However, our study extends these
ndings by highlighting the dose-dependent reduction of
F1_Pb, with the most substantial decrease (71.8%) observed at
a 10% biochar amendment. Moreover, the biochar used in our
research, derived from taro stems, may exhibit different prop-
erties compared to biochar from other feedstocks used in
similar studies. This variability in biomass origin could inu-
ence the biochar's ability to immobilize Pb, as biochar proper-
ties such as cation-exchange capacity, surface functional
groups, and Pb interaction capabilities are known to vary based
on feedstock.10,29

The decrease in exchangeable Pb (F1_Pb) following biochar
and apatite amendment can be attributed to several mecha-
nisms. Biochar raises soil pH, promoting lead precipitation as
Pb(OH)2 and lead carbonate complexes, thereby reducing its
bioavailability.56 Biochar also contains functional groups (e.g.,
carboxyl, hydroxyl) that form complexes with lead, further
immobilizing it.56 Additionally, the oxidation of biochar
enhances its ability to adsorb lead. Co-amendment with apatite
facilitates the precipitation of lead phosphate minerals, such as
Pb5(PO4)3X, which are less soluble and bioavailable,10 thus
reducing lead mobility and toxicity.57

3.4.1.2. Carbonate fraction (F2_Pb). The sequential extrac-
tion results indicate that lead (Pb) predominantly resides in the
carbonate-bound fraction (F2), which represents approximately
50% of the total Pb across all fractions in the soil samples
(Fig. 4a). In the control soil (BS), the F2 fraction accounted for
48.3% of the total Pb, establishing a baseline for understanding
Pb speciation in the soil. The carbonate-bound fraction typically
represents Pb that is loosely associated with soil minerals, oen
in the form of carbonates and is, therefore, more susceptible to
mobilization under changing soil conditions, such as variations
in pH or the presence of competing ions. Biochar amendment,
in combination with apatite, was expected to inuence Pb
11986 | RSC Adv., 2025, 15, 11975–12000
immobilization within the carbonate-bound fraction, given
biochar's known capacity to alter soil pH, enhance metal
adsorption, and potentially promote metal precipitation.
However, the results from this study revealed that the applica-
tion of biochar at various ratios (3%, 6%, and 10%) alone, as
well as co-amendment with apatite (3% and 6%), did not result
in statistically signicant changes in the F2_Pb fraction
compared to the control (p > 0.05). This suggests that, at the
applied amendment levels and under the experimental condi-
tions used (30-day incubation), the biochar–apatite treatment
had a minimal effect on the Pb speciation in the carbonate-
bound fraction.

Notably, while the general trend across all biochar and co-
amended treatments was non-signicant, the TB3_10 sample
(which consisted of 10% biochar) showed a signicant outlier
with an F2 content of 52.3%. This indicates that, in this specic
treatment, there was a slight but notable increase in the
proportion of Pb in the carbonate-bound fraction. This outlier
may reect an enhanced ability of biochar at higher concen-
trations (10%) to either promote the precipitation of Pb-
carbonate complexes or alter soil pH in a manner that stabi-
lizes Pb in the carbonate-bound fraction. The increase observed
in TB3_10 suggests that biochar application at higher ratios
may facilitate the formation of more stable Pb-carbonate
complexes, though this effect was not consistently observed
across other treatments.

The results suggest that biochar and apatite amendments
have a minimal impact on Pb immobilization in the carbonate
fraction, especially at the applied amendment rates over a 30-
day incubation period. The short incubation time may not have
been sufficient for the amendments to fully alter Pb speciation,
and the control soil's high carbonate-bound Pb could limit the
effects of biochar and apatite. This nding is consistent with
previous studies, such as Dang et al. (2019)11 and Nguyen et al.
(2024),10 which also observed limited changes in Pb in the
carbonate fraction, likely due to biochar's moderate inuence
on soil pH and its weaker affinity for Pb compared to other
fractions like iron/manganese oxides or organic matter.

Overall, these ndings suggest that while biochar and apatite
can inuence Pb mobility and bioavailability, their effect on Pb
in the carbonate-bound fraction may be limited, especially in
the conditions of this study. Further research is needed to
assess the impact of higher biochar concentrations, longer
incubation periods, and varying biochar properties on Pb
immobilization, particularly in different soil types and envi-
ronmental conditions.

3.4.1.3. Fe/Mn-oxide fraction (F3_Pb). The sequential
extraction results reveal that the Fe/Mn-oxide-bound fraction
(F3) in the control soil (BS) contained an initial concentration of
lead (Pb) of 700.2 ± 10.3 mg kg−1, which accounted for
approximately 17% of the total Pb (Fig. 4a and Table S4†). This
fraction typically represents Pb that is adsorbed or bound to
iron and manganese oxides in the soil. Pb in this fraction is
considered relatively stable and less bioavailable than the
exchangeable or carbonate-bound fractions, as it is more tightly
bound to soil minerals. However, despite its relative stability, Pb
in the F3 fraction may still be subject to mobilization under
© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions that favour the reduction of metal oxides or changes
in soil chemistry. Therefore, the ability to alter Pb speciation in
this fraction has signicant implications for the long-term
stabilization and immobilization of Pb in contaminated soils.

Upon biochar amendment, the F3_Pb concentration was
signicantly reduced (p < 0.05) across all amended soil samples
compared to the control aer a 30-day incubation period. This
reduction suggests that biochar addition can effectively inu-
ence Pb speciation in the Fe/Mn-oxide-bound fraction, likely
through a combination of mechanisms including changes in
pH, surface area expansion, and enhanced adsorption capacity
of biochar. Biochar is known for its high surface area and
porous structure, which can facilitate the adsorption of metals
like Pb, thereby reducing the mobility of these contaminants in
soil. Additionally, biochar's ability to increase soil pH may
contribute to the destabilization of metal oxides, promoting the
desorption of Pb from the iron and manganese oxides and
potentially shiing it to more stable fractions.

Interestingly, the proportion of Pb in the F3 fraction was
similar between soils amended with TSB300 biochar (3%
amendment rate) and those amended with a higher rate of
TSB500 biochar (6% amendment rate). This nding suggests
that the impact of biochar on Pb stabilization in the F3 fraction
may reach a threshold beyond which additional biochar appli-
cation does not signicantly alter the proportion of Pb bound to
Fe/Mn oxides. The lack of a substantial difference in F3_Pb
between the two biochar amendment rates could indicate that
a certain amount of biochar may be sufficient to saturate the
available binding sites for Pb in the Fe/Mn-oxide fraction,
beyond which additional biochar does not further enhance Pb
immobilization within this fraction. This outcome aligns with
the idea that, while biochar can signicantly inuence the
distribution of Pb across various fractions, the effects may
plateau at higher biochar amendment rates for specic metal
species, such as Pb.

The signicant reduction in F3_Pb aer biochar amendment
highlights its potential to immobilize Pb in soils by shiing it to
less mobile, more stable fractions. This decreases the likelihood
of Pb leaching into groundwater or being absorbed by plants,
reducing environmental risks, especially in Pb-contaminated
areas. Previous studies have shown that biochar's porous
structure and high surface area help stabilize Pb in less
bioavailable forms, likely through pH modication and
enhanced metal adsorption.58,59

The results also suggest that biochar–apatite co-
amendments could further enhance Pb immobilization,
driving Pb into more stable forms in the Fe/Mn-oxide fraction,
which is less prone to leaching. In conclusion, biochar effec-
tively reduces Pb in the F3 fraction, offering a potential strategy
for mitigating Pb contamination in soil and water. Further
research is needed to assess the long-term stability of Pb and
explore interactions with other amendments like apatite.

3.4.1.4. Organic carbon fraction (F4_Pb). The organic-bound
fraction (F4) is typically characterized by heavy metals that are
adsorbed or bound to organic matter in the soil. These metals
are considered less bioavailable compared to those in the
exchangeable or carbonate-bound fractions, as they are oen
© 2025 The Author(s). Published by the Royal Society of Chemistry
tightly associated with soil organic matter, which can limit their
mobility and potential for plant uptake. In this study, the
control soil (BS) exhibited a relatively low Pb concentration in
the F4 fraction, with approximately 4% of the total Pb content
residing in this organic-bound form (Fig. 4a). This low propor-
tion suggests that, under normal soil conditions, Pb is
predominantly associated with more mobile or readily
exchangeable forms, such as those bound to carbonates or iron/
manganese oxides, rather than with organic matter.

Upon biochar and biochar–apatite co-amendment, a slight
but statistically signicant (p < 0.05) increase in the proportion
of Pb in the F4 fraction was observed, particularly in soils
amended with TSB500 biochar at the 10% rate and those
amended with 3% and 6% biochar–apatite ratios. The propor-
tion of Pb in the F4 fraction ranged from 5.6% to 6.3% in these
co-amended soils, compared to the 4% observed in the control
(Fig. 4a). This increase, while modest, suggests that biochar–
apatite co-amendment may inuence the speciation of Pb by
promoting its association with organic matter in the soil,
thereby enhancing its stabilization in a less mobile, organic-
bound form.

The observed increase in the F4_Pb proportion can be
attributed to several mechanisms associated with biochar's role
in soil chemistry. Biochar is known for its large surface area and
porosity, which can provide numerous binding sites for heavy
metals, including Pb. Moreover, biochar's capacity to modify
soil pH, typically raising it, could lead to changes in the solu-
bility and speciation of Pb, promoting its adsorption onto soil
organic matter. This pH-driven process could encourage Pb to
bind more readily to organic compounds, resulting in an
increased proportion of Pb in the organic-bound fraction (F4).
Additionally, biochar's presence may enhance the formation of
metal–organic complexes, further stabilizing Pb in the soil
matrix.

The addition of apatite to the biochar co-amendment likely
contributes to the observed shi in Pb speciation toward the
organic-bound fraction. Apatite promotes Pb precipitation
through metal-phosphate complex formation, while biochar
helps retain Pb on organic surfaces, enhancing its stabilization
in less bioavailable forms. This synergistic effect may reduce Pb
mobility and bioavailability, making it less prone to leaching
and plant uptake.

The increase in F4_Pb, although modest, is signicant for
mitigating environmental risks, as Pb in this fraction is less
bioavailable and less likely to leach into groundwater. These
ndings align with previous studies that show biochar
enhances metal retention in the organic-bound fraction, high-
lighting its role in long-term Pb immobilization.10,18 In conclu-
sion, biochar–apatite co-amendment effectively stabilizes Pb in
a less mobile form, offering a promising strategy for managing
Pb-contaminated soils. Further research is needed to explore
the mechanisms behind Pb binding in the organic fraction and
evaluate the long-term stability of Pb and other heavy metals in
this form.

3.4.1.5. Residual fraction (F5_Pb). The residual fraction of Pb
(F5_Pb) in the control soil (BS) was 837.3 ± 16.3 mg kg−1, rep-
resenting approximately 20.1% of the total Pb. This fraction,
RSC Adv., 2025, 15, 11975–12000 | 11987
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considered the most stable and least bioavailable, serves as an
important indicator of the long-term immobilization of Pb
within the soil matrix. Interestingly, the biochar–apatite co-
amendment signicantly increased (p < 0.05) the proportion
of F5_Pb in most treated soils when compared to the control.
This increase suggests that biochar, in combination with
apatite, can effectively enhance the sequestration of Pb in
a more stable, less mobile form, potentially reducing its
bioavailability and toxicity in the soil environment. However, it
is worth noting that for the TB3A6 and TB5A6 treatments, the
increase in F5_Pb was not statistically signicant, indicating
that the biochar–apatite co-amendment's effectiveness in
promoting Pb stabilization may be inuenced by specic
treatment concentrations or other soil conditions, such as pH
or organic matter content, which could affect the availability
and reactivity of Pb.

The proportion of F5_Pb across the co-amended soils ranged
from 20.4% to 28.0%, reecting a substantial increase
compared to the control. These ndings suggest that the bio-
char–apatite co-amendment may drive the transformation of Pb
from more labile fractions, such as F1 (exchangeable fraction)
and F3 (carbonates), into less reactive and more stable frac-
tions, such as F4 (Fe/Mn oxides) and F5 (residual). This shi
could potentially reduce the mobility of Pb, preventing its
uptake by plants and minimizing its availability to soil micro-
organisms, thereby decreasing the overall environmental risk
posed by Pb contamination. The increased proportion of F5_Pb
in the co-amended soils aligns with prior studies, which have
consistently reported a similar trend of reduced F1 and
increased F5 following biochar amendment in contaminated
soils.10,18 This transformation is likely facilitated by the inter-
actions between biochar's surface functional groups and Pb, as
well as the ability of apatite to promote phosphate-induced
precipitation, leading to the incorporation of Pb into less
mobile forms.

Further research is necessary to better understand the
underlying mechanisms driving this transformation of Pb
fractions in biochar–apatite co-amended soils. Factors such as
the physicochemical properties of the biochar (e.g., surface
area, pH, and functional groups) and the dissolution rate of
apatite may play key roles in mediating these changes. Addi-
tionally, the relative effectiveness of different biochar feed-
stocks and apatite sources in stabilizing Pb should be explored,
as variations in these materials could inuence the extent to
which Pb is converted into more stable forms. Overall, the
biochar–apatite co-amendment appears to offer a promising
approach for enhancing the long-term immobilization of Pb in
contaminated soils, thereby mitigating the risks associated with
Pb contamination while promoting soil health.

3.4.1.6. Key ndings on Pb speciation. (1) Exchangeable
fraction (F1_Pb):

Biochar amendment signicantly reduced the exchangeable
Pb (F1_Pb) fraction, with the most notable decrease (71.8%) at
10% biochar amendment (TB3_10). The F1_Pb fraction
decreased from 433.2 mg kg−1 in the control to as low as
121.8 mg kg−1 in the biochar-amended soil.
11988 | RSC Adv., 2025, 15, 11975–12000
This suggests that biochar signicantly reduces Pb mobility,
thereby mitigating the risk of Pb leaching and environmental
contamination.

(2) Carbonate fraction (F2_Pb):
Pb was predominantly found in the carbonate-bound frac-

tion (F2), accounting for about 48.3% of total Pb in the control
soil. Biochar and apatite amendment did not signicantly alter
the F2 fraction, with a minor outlier observed in the 10% bio-
char treatment (52.3%).

These ndings suggest that biochar and apatite have
a limited effect on Pb immobilization in the carbonate fraction
during the study period.

(3) Fe/Mn-oxide fraction (F3_Pb):
Biochar amendment signicantly reduced Pb in the Fe/Mn-

oxide fraction (F3), with all treated soils showing a decrease in
F3_Pb compared to the control (p < 0.05). The decrease was
similar across different biochar treatments.

This indicates that biochar has the potential to immobilize
Pb in this fraction, enhancing its stability.

(4) Organic carbon fraction (F4_Pb):
The organic-bound Pb fraction (F4) was relatively low in the

control soil (∼4%) and showed a slight, statistically signicant
increase (5.6% to 6.3%) in biochar–apatite co-amended soils.

The increase in F4_Pb suggests that biochar–apatite co-
amendment may inuence Pb speciation, potentially
enhancing Pb retention in organic forms.

(5) Residual fraction (F5_Pb):
The residual Pb fraction (F5_Pb) in the control soil was

20.1% of total Pb. Biochar–apatite co-amendment signicantly
increased F5_Pb (20.4% to 28.0%) in most treated soils, indi-
cating a shi of Pb into more stable, less bioavailable forms.

This suggests that biochar–apatite co-amendment can
promote the transformation of Pb from more labile fractions
(F1, F3) to more recalcitrant ones (F4, F5), which is benecial for
long-term Pb immobilization.

3.4.2. Zn speciation. Analysis of Zn speciation in the soil
samples via sequential extraction revealed a specic order of
fractions, with F5 being the most abundant, followed by F3, F2,
F1, and F4 (F5 > F3 > F2 > F1 > F4). The impact of biochar
amendment on Zn speciation was statistically variable (p < 0.05)
across the samples when applied at different rates.

3.4.2.1. Exchangeable fraction (F1_Zn). Sequential extraction
revealed that the control soil (BS) exhibited an exchangeable
zinc (F1_Zn) fraction concentration of 317.0 ± 11.1 mg kg−1,
which accounted for approximately 9.3% of the total zinc
content in the soil (Fig. 4b and Table S4 (ESI)†). This
exchangeable zinc fraction is oen considered the most mobile
and bioavailable form of zinc, as it is readily exchangeable with
soil solution and thus available for plant uptake or potential
leaching into groundwater. The relatively high concentration of
exchangeable Zn in the control sample indicates that the soil
had a signicant pool of zinc in this mobile form, which could
pose a risk of environmental contamination if le
unremediated.

Upon biochar–apatite co-amendment, a signicant reduc-
tion in the F1_Zn fraction was observed compared to the control
soil (p < 0.05), indicating that biochar–apatite interactions
© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectively reduced the mobility of zinc in the amended soils.
Specically, the proportion of exchangeable zinc in co-amended
soils ranged from 4.2% to 6.0%, with the most substantial
reduction in the TB3_10 sample, where the exchangeable Zn
concentration dropped to 121.8 ± 8.1 mg kg−1, representing
a decrease of up to 61.5% relative to the control. This signicant
reduction suggests that the biochar–apatite co-amendment
strategy plays a crucial role in immobilizing zinc, thus
limiting its bioavailability and potential for leaching into the
surrounding environment.

The reduction in F1_Zn following biochar-amendment
highlights its potential to modify the speciation and mobility
of heavy metals. Biochar likely stabilizes zinc by increasing soil
pH, providing surface area for adsorption, and promoting
binding to soil minerals, reducing its presence in the
exchangeable, more mobile form. The inclusion of apatite
further enhances this effect, facilitating the formation of stable
zinc-phosphate complexes that are less soluble and
bioavailable.

These ndings are consistent with previous studies showing
that biochar reduces zinc bioavailability through mechanisms
like adsorption and pH modication.10,60 Notably, the combi-
nation of biochar and apatite was more effective in reducing
exchangeable zinc (F1_Zn) than biochar alone, with higher
biochar doses (10% in TB3_10) yielding a more pronounced
effect.10,18 This suggests a dose-dependent relationship, where
increased biochar improves zinc immobilization by providing
more surface area.

In conclusion, biochar–apatite co-amendments reduce zinc
mobility and bioavailability, offering a promising strategy for
mitigating zinc contamination in soils. Further research on
their long-term effectiveness and impact on soil health is
needed to optimize their use in remediation efforts.

3.4.2.2. Carbonate-bound fraction (F2_Zn). Sequential
extraction analysis revealed that the carbonate-bound zinc
(F2_Zn) fraction in the control soil (BS) had a concentration of
1053.9± 40.6 mg kg−1, accounting for approximately 31% of the
total zinc in the soil (Table S4†). Upon biochar–apatite co-
amendment, the effects on the F2_Zn fraction were variable
across the co-amended soil samples. In most cases, the
proportion of carbonate-bound Zn showed a non-signicant
increase compared to the control (p > 0.05), suggesting that
biochar–apatite co-amendment does not signicantly alter the
speciation of zinc towards the carbonate-bound fraction.

This observation aligns with the ndings of Vuong et al.
(2022),30 who also reported no signicant change in the
carbonate-bound zinc fraction (F2_Zn) when peanut husk bio-
char was amended in Pb/Zn-contaminated soils. These results
indicate that while biochar–apatite co-amendment may inu-
ence the speciation of other metals such as lead, its effect on
zinc distribution in the carbonate-bound fraction appears
limited. It suggests that the processes responsible for zinc
immobilization are not as responsive to pH changes or
complexation with carbonate ions in the same way as other
metals like lead.

The lack of a signicant shi in the F2_Zn fraction suggests
that biochar–apatite amendments may not alter zinc speciation
© 2025 The Author(s). Published by the Royal Society of Chemistry
in the same way they do for other metals like lead. Zinc forms
stable carbonate-bound complexes under high pH, but it can
also bind to organic matter or iron/manganese oxides, limiting
its shi into the carbonate-bound fraction. In this study, the pH
increase from biochar and apatite may not have been sufficient
to signicantly alter zinc distribution, or biochar may interact
differently with zinc compared to lead.

This nding aligns with previous studies showing that bio-
char's effects on metal speciation depend on factors such as
metal type, soil conditions, and biochar properties. While bio-
char did not signicantly affect F2_Zn in this study, it may still
immobilize zinc through other mechanisms, such as binding to
organic matter or inuencing other metal species. Further
research is needed to explore these interactions.

3.4.2.3. Fe/Mn-oxide fraction (F3_Zn). The control soil (BS)
exhibited an iron/manganese oxide-bound zinc (F3_Zn)
concentration of 695.1 ± 41.5 mg kg−1, representing roughly
25% of the total zinc in the soil (Table S4†). Upon biochar–
apatite co-amendment, a notable increase in the F3_Zn
proportion was observed compared to the control. This suggests
that biochar–apatite interactions may play a role in promoting
the association of zinc with iron and manganese oxides,
potentially enhancing the stabilization of zinc in the soil and
reducing its mobility.

This trend aligns with the known ability of biochar to
interact with mineral surfaces, particularly iron and manganese
oxides, which are well-documented for their high cation-
exchange capacity and strong binding affinity for heavy
metals. The increased proportion of zinc in the F3_Zn fraction
suggests that biochar may facilitate the adsorption of zinc onto
these metal oxides, a process that is likely driven by both bio-
char's surface chemistry and its impact on soil pH. Biochar's
inherent surface functional groups, including carboxyl,
hydroxyl, and phenolic groups, may interact with the oxides in
the soil, promoting the formation of stable zinc-oxide
complexes that are less prone to leaching.

Biochar's ability to modify soil pH likely enhances zinc
binding to iron and manganese oxides, particularly when
combined with apatite. The alkalizing effect promotes the
precipitation of these oxides, providing additional binding sites
for zinc. This process aligns with previous studies showing that
biochar can help immobilize heavy metals like zinc by associ-
ating them with iron/manganese oxide fractions.10,61

The increase in the F3_Zn fraction suggests that biochar–
apatite amendments may reduce zinc mobility by stabilizing it
in less bioavailable forms, decreasing the risk of leaching into
groundwater or plant uptake. This enhanced stabilization of
zinc in the F3 fraction could help mitigate its environmental
impact, particularly in areas with zinc contamination.

Overall, biochar–apatite co-amendments appear to effec-
tively inuence zinc speciation, promoting its immobilization
in more stable forms and offering a potential strategy for
managing zinc contamination in soils prone to heavy metal
leaching.

3.4.2.4. Organic carbon fraction (F4_Zn). Sequential extrac-
tion revealed a relatively low organic matter-bound zinc (F4_Zn)
fraction in the control soil (BS), with a concentration of 96.2 ±
RSC Adv., 2025, 15, 11975–12000 | 11989
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2.3 mg kg−1, constituting approximately 2.8% of the total zinc
(Fig. 4b). Upon biochar amendment, however, a signicant
increase in the F4_Zn proportion was observed compared to the
control (p < 0.05) (Table S4†). The F4_Zn content in co-amended
soils ranged from 3.3% to 4.5%, suggesting that biochar plays
a more substantial role than apatite in contributing to organic
matter-bound zinc in the soil.

These results highlight the ability of biochar to inuence the
organic carbon fraction of zinc, a mechanism that is oen
attributed to the interaction between biochar's surface func-
tional groups and the organic matter present in the soil. Bio-
char, known for its high surface area and reactive functional
groups, such as carboxyl, hydroxyl, and phenolic groups, has
the potential to adsorb metals, including zinc, onto its surface.
This interaction likely enhances the formation of stable zinc-
organic matter complexes, which are less bioavailable and less
prone to leaching.

In this study, biochar amendment signicantly increased the
F4_Zn fraction, possibly due to the increased organic matter
provided by the biochar itself, along with its surface properties
that promote zinc adsorption. The elevated presence of organic
carbon in biochar-amended soils may provide additional sites
for zinc binding, leading to a higher proportion of zinc being
incorporated into the organic matter fraction. This result aligns
with previous studies reporting increased F4_Zn upon biochar
addition to contaminated soils.10,62 In these studies, biochar's
role in enhancing the F4 fraction was similarly attributed to its
capacity to modify the soil's organic carbon content and
improve the adsorption of heavy metals like zinc.

In the current study, the increase in F4_Zn observed in the
biochar-amended soils suggests that biochar might be partic-
ularly effective at promoting the sequestration of zinc in organic
carbon fractions, thus reducing its mobility and potential
toxicity. While the increase in F4_Zn was modest, it still repre-
sents a shi of zinc into a less bioavailable and more stable
form, which could help mitigate the environmental risks asso-
ciated with zinc contamination.

The ndings of this study contrast with some prior research
that reported minimal or no signicant changes in F4_Zn aer
biochar application.11,30 These discrepancies could be attributed
to differences in biochar characteristics, such as pH, cation-
exchange capacity, and the specic organic matter content of
the soil used in each study. For example, biochar with a higher
pH and electrical conductivity (EC) might exert a more signi-
cant impact on zinc adsorption, particularly by increasing the
stability of zinc-organic matter complexes. In contrast, biochar
with lower pH and EC, as used in this study, may not have as
strong an effect on increasing F4_Zn in the short term.

Despite these variations, the increase in organic carbon-
bound zinc observed in this study demonstrates that biochar
amendments can inuence zinc speciation in soils. This nding
suggests that biochar could be a viable strategy for mitigating
the environmental risks posed by zinc contamination, particu-
larly in situations where stabilizing zinc in less bioavailable
forms is a priority.

3.4.2.5. Residual fraction (F5_Zn). The control soil (BS)
exhibited a substantial proportion of zinc (Zn) in the residual
11990 | RSC Adv., 2025, 15, 11975–12000
fraction (F5), with a concentration of 1344.0 ± 23.7 mg kg−1,
constituting approximately 39.2% of the total zinc content
(Table 3). The residual fraction typically represents the most
stable and least bioavailable form of zinc, as it is bound to
minerals and other soil components that are not readily
mobilized or available for plant uptake. This suggests that the
control soil already contained a signicant portion of zinc in
a less labile, relatively immobile form, potentially posing
a lower risk for environmental contamination compared to the
more readily available fractions like the exchangeable or
carbonate-bound fractions.

However, the introduction of biochar–apatite co-amendment
to the soil led to a notable shi in the speciation of zinc,
increasing the proportion of zinc in the residual fraction (F5)
across the amended soils. Specically, the proportion of zinc in
the F5 fraction ranged from 35.5% to 42.1% in co-amended
soils, compared to the 39.2% observed in the control (Fig. 4
and Table S4†). This increase suggests that biochar–apatite co-
amendment is effective in promoting the stabilization of zinc in
less mobile forms, thereby reducing its bioavailability and
potential for leaching.

The most pronounced shi towards the F5 fraction was
observed in the TB3_10 sample, where 40.8% of the total zinc
was found in the residual fraction. This suggests that the bio-
char–apatite treatment, particularly at the 10% biochar level,
effectively enhanced the stabilization of zinc in the soil. This
outcome aligns with previous studies that have reported similar
increases in the residual fraction of zinc upon biochar amend-
ment.10,63 In these studies, biochar's ability to sequester metals
in the residual fraction has been attributed to its high surface
area, porous structure, and the presence of functional groups
that can adsorb and bind metal ions. Additionally, biochar's
inuence on soil pH and mineral interactions may further
promote the immobilization of metals, driving them towards
more stable, less bioavailable forms.

The increase in the residual fraction of zinc following bio-
char–apatite co-amendment highlights the potential of this
strategy to reduce zinc mobility and bioavailability while
enhancing its sequestration in stable, less bioavailable forms.
This shi to the residual fraction lowers the risk of bio-
accumulation in plants and aquatic organisms and decreases
the potential for zinc leaching into groundwater.

Biochar's adsorptive properties, combined with apatite's
ability to form insoluble metal-phosphate complexes, work
synergistically to stabilize zinc. This co-amendment approach
may provide a long-term solution for managing zinc contami-
nation in soils by locking it in stable forms and reducing its
environmental risks.

These ndings suggest that biochar–apatite co-amendment
is an effective strategy for mitigating zinc contamination,
offering both short- and long-term benets. Further research is
needed to assess the long-term stability of zinc in the residual
fraction and evaluate the impact on soil health and crop
productivity.

3.4.2.6. Summary of key ndings. (1) Zn speciation in soil:
sequential extraction revealed that Zn speciation in the soil
followed a specic order of fractions: F5 (residual fraction) > F3
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fe/Mn oxide-bound) > F2 (carbonate-bound) > F1 (exchange-
able) > F4 (organic carbon-bound). Biochar amendment
signicantly impacted Zn speciation, with changes observed
depending on the application rate.

(2) Exchangeable fraction (F1_Zn): the control soil had a high
concentration of exchangeable Zn (F1_Zn), making it mobile
and bioavailable. Upon biochar–apatite co-amendment,
a signicant reduction in this fraction was observed, with the
TB3_10 sample showing a 61.5% decrease. This suggests that
biochar–apatite interactions effectively reduce Zn mobility,
limiting its bioavailability and potential environmental
contamination.

(3) Carbonate-bound fraction (F2_Zn): the biochar–apatite
amendment did not signicantly alter the carbonate-bound Zn
fraction, indicating that biochar's effect on Zn speciation is not
as pronounced in this fraction. Zinc's behaviour in this fraction
may be inuenced by other factors, such as its affinity for
organic matter or metal oxides.

(4) Fe/Mn-oxide-bound fraction (F3_Zn): biochar–apatite co-
amendment increased the proportion of Zn in the Fe/Mn-oxide-
bound fraction, suggesting that biochar may facilitate the
binding of Zn to iron and manganese oxides. This mechanism
helps stabilize Zn, making it less mobile and less bioavailable,
thereby reducing its potential for leaching or plant uptake.

(5) Organic carbon-bound fraction (F4_Zn): biochar signi-
cantly increased the organic carbon-bound Zn fraction, indi-
cating that biochar promotes the sequestration of Zn in more
stable, less bioavailable forms. This effect is attributed to bio-
char's surface functional groups and its ability to enhance the
organic matter content in the soil.

(6) Residual fraction (F5_Zn): biochar–apatite co-
amendment increased the proportion of Zn in the residual
fraction, particularly at higher biochar concentrations (e.g.,
TB3_10), suggesting that biochar–apatite treatments enhance
the stabilization of Zn in less mobile and less bioavailable
forms.

In conclusion, biochar amendment can signicantly inu-
ence the mobility and bioavailability of soil heavy metals. This
impact depends on the specic metal, soil type (including
properties like EC, OC, and pH),9 and biochar properties
(feedstock, pyrolysis and composition).64 The observed impact
on exchangeable Pb and Zn likely arises from a conuence of
mechanisms, including biochar-induced soil pH increase, ion
exchange processes, adsorption, and precipitation (as oxy-
hydroxides, carbonates, or phosphates).65

Prior research consistently demonstrated that biochar
application promotes the transformation of mobile, exchange-
able heavy metals into more stable forms.10,11,66 However, the
published literature revealed considerable heterogeneity in the
observed effects on Pb and Zn speciation following incubation
with various biochar types, application rates, and incubation
durations.10,30,61 These variations can likely be attributed to
a conuence of factors, including inherent properties of the
utilized soil (e.g., texture, mineralogy), the specic biochar
characteristics (e.g., feedstock, pyrolysis temperature), and the
biochar amendment rate and incubation time.62
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.5. Mechanism for immobilizing heavy metals in incubated
soil by amendment

The immobilization of heavy metals in the soil through
amendments like biochar and apatite involves complex chem-
ical, physical, and biological,67,68 inuenced by the metal type,
soil properties, and amendment characteristics. Key mecha-
nisms include adsorption, complexation with biochar's func-
tional groups,69 cation exchange,14,70 and precipitation through
interactions with phosphate or hydroxide ions,71,72 This study
also examines the role of leaching during a 1–4 weeks incuba-
tion period, suggesting that dissolved cations, anions, organic
compounds, and small mineral particles from biochar, apatite,
and soil may enhance metal immobilization. Additionally,
amendments that increase soil pH and electrical conductivity
(EC) are found to reduce the exchangeable fraction of metals,
with higher biochar amendment rates correlating with greater
increases in pH and EC, supporting previous ndings73,74 that
alkaline conditions promote metal immobilization.67,75

3.5.1. Impact of amendments on soil pH and EC. In this
study, all amendments (TSB300, TSB500, and AP) resulted in
signicantly higher pH values compared to the control soil. This
increase in pH promoted hydroxide precipitation reactions,
which are well-known to enhance metal immobilization.
Specically, as the soil pH rises, heavy metals such as Pb and Zn
may form insoluble hydroxides (e.g., Pb3(CO3)2(OH)2 and
Zn(OH)2),70,76 reducing their bioavailability and mobility within
the soil. This provides a clear indication that the elevated pH
caused by biochar amendments plays a substantial role in
immobilizing heavy metals through precipitation processes.
Additionally, biochar's contribution to EC increases the ionic
strength in the soil solution, which further promotes the
precipitation of these metals into less soluble forms.

3.5.2. Role of biochar's organic functional groups in
immobilization. The organic functional groups on the surface
of biochar, particularly TSB300, play an essential role in facili-
tating the immobilization of heavy metals through exchange
and complexation reactions. Fourier-Transform Infrared Spec-
troscopy (FTIR) analysis conrmed the presence of these func-
tional groups, which enhance biochar's ability to adsorb and
complex metal ions. The functional groups on TSB300 biochar,
including carboxyl, hydroxyl, and phenolic groups, have a high
affinity for cationic metals like Pb2+ and Zn2+, enabling them to
form stable metal–organic complexes. The relatively minor
difference observed between TSB300 and TSB500 at identical
application rates suggests that both biochar types may rely on
their porous surface area and the high pH of TSB300 to mediate
metal immobilization, primarily through adsorption and
complexation with these functional groups.

3.5.3. Synergistic effects of biochar and apatite co-appli-
cation. Apatite, a phosphate-rich mineral, has been shown to
immobilize Pb2+ by facilitating its precipitation with phosphate,
forming stable compounds such as Pb5(PO4)3X (where X = F−,
Cl−, Br−, or OH−).77,78 The combination of biochar and apatite
creates a synergistic effect, promoting the stabilization of Pb
and Zn in soil through a range of mechanisms, including
adsorption, ion exchange, complexation, and precipitation.
RSC Adv., 2025, 15, 11975–12000 | 11991
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Apatite's role in bindingmetals through phosphate formation is
particularly crucial in enhancing the long-term stability of the
immobilized metals, reducing their potential for leaching into
the soil solution.

While apatite does not possess the extensive organic func-
tional groups or high surface area found in biochar, its mineral
composition and ability to interact with biochar in a composite
amendment signicantly enhance its capacity to immobilize
heavy metals. The co-application of biochar and apatite results
in a combination of organic and inorganic mechanisms that
together contribute to the overall immobilization of Pb and Zn,
making this composite amendment a promising strategy for
heavy metal remediation in contaminated soils.

3.5.4. Formation of stable organic-mineral coatings. A
critical aspect of heavy metal immobilization in biochar-
amendment-treated soils is the formation of stable organic-
mineral coatings on the biochar surface. These coatings
develop over the 2–4 weeks incubation period and are believed
to be integral to the formation of more stable chemical forms of
Pb and Zn in soil. The coatings consist of microaggregates,
clusters of mineral nanoparticles and inorganic compounds
that are bound together by organic molecules such as humic
substances.10,11,30 These microaggregates facilitate the stabili-
zation of heavy metals within the soil matrix by transforming
them into less mobile and less bioavailable forms. This process
is especially important in reducing the long-term environ-
mental risks associated with metal-contaminated soils.

3.5.5. EDX and FTIR analysis: evidence of heavy metal
immobilization. Energy-dispersive X-ray Spectroscopy (EDX)
and Fourier Transform Infrared (FTIR) spectroscopy were
Fig. 5 Energy-dispersive X-ray spectroscopy (EDX) mapping results for
incubation in the soil at a 10% application rate and (b) before incubation

11992 | RSC Adv., 2025, 15, 11975–12000
employed to further investigate the interaction between heavy
metals and biochar during the incubation period. EDX analysis
of TSB300 biochar, both before and aer 30 days of incubation
in soil, provided compelling evidence for the accumulation of
Pb and Zn on the biochar surface. As shown in Fig. 5, a distinct
increase in the concentrations of Pb and Zn was observed in the
post-incubation biochar samples compared to the pre-
incubation samples. EDX analysis revealed a distinct
elemental signature for the pristine TSB300 biochar, dominated
by K, O, C, Ca, Cl, Mg, and P. Conversely, the TSB300 biochar
incubated in soil for 30 days exhibited the presence of addi-
tional elements, specically Pb and Zn. This observation is
indicative of the accumulation of these heavy metals on the
biochar surface, potentially as precipitates or complexes.

To further elucidate the binding mechanisms, FTIR spectra
of the biochar samples before and aer incubation were
analyzed, providing complementary evidence of metal adsorp-
tion. The FTIR spectra of TSB300 biochar before and aer
incubation revealed signicant changes, particularly in the
carboxyl and hydroxyl functional groups, suggesting interac-
tions between the biochar surface and the metal ions Pb2+ and
Zn2+ (Fig. 6). A noticeable shi in the FTIR peak from 1400 cm−1

to 1373 cm−1 was observed, which is attributed to the
complexation of Pb2+ and Zn2+ with the carboxyl groups present
on the biochar surface. This shi is indicative of surface
complexation mechanisms, where the metal ions interact with
the oxygen atoms of the carboxyl groups, forming stable bonds.
Such interactions are consistent with the ndings of previous
studies, which have shown that biochar's carboxyl groups play
elemental distribution in TSB300 biochar samples (a) after 30 days of
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FT-IR spectra of biochar derived from taro stem at 300 °C before soil incubation (TSB300(p)) and after 30 days of incubation in the soil at
a 10% ratio (TSB300(a)).
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a signicant role in binding metal ions, reducing their mobility
and bioavailability in soils.79

Furthermore, the appearance of new peaks in the FTIR
spectra, specically in the 768–783 cm−1 range, suggests the
formation of metal–oxygen complexes. These peaks likely
correspond to the bending vibrations of metal–oxygen bonds
formed as Pb2+ and Zn2+ ions adsorb to the biochar surface. The
presence of these peaks indicates that biochar's surface func-
tional groups, in conjunction with metal ions, contribute to the
formation of stable metal complexes, thereby enhancing the
immobilization of these metals.

Additionally, the newly emerged peak at 519 cm−1 further
supports the idea that Pb2+ has been adsorbed onto the biochar
surface, forming stable metal–oxygen bonds. This peak likely
represents the metal–oxygen stretching vibrations, further
conrming the interaction between the biochar surface and
Pb2+ ions. The emergence of this peak is particularly important,
as it suggests that Pb2+ ions are strongly bound to the biochar
surface, likely in a more stable and less bioavailable form.
Similar results have been reported in the literature, where bio-
char was found to adsorb metal ions, such as Pb2+, through the
formation of stable metal–oxygen bonds10,80

Together, the EDX and FTIR analyses provide compelling
evidence that TSB300 biochar efficiently adsorbs Pb and Zn. The
combination of surface adsorption, precipitation, and
complexationmechanisms contributes to the immobilization of
these heavy metals, reducing their bioavailability and environ-
mental risk. This highlights biochar's potential as a viable soil
amendment for remediating Pb and Zn contamination in agri-
cultural or industrial soils.

In conclusion, this study underscores the efficacy of biochar–
apatite composites in immobilizing heavy metals through
© 2025 The Author(s). Published by the Royal Society of Chemistry
various mechanisms, including precipitation, ion exchange,
complexation, and adsorption. The incorporation of biochar
enhances soil pH and EC, facilitating metal hydroxide precipi-
tation and the formation of stable metal–organic complexes.
The synergistic effects of biochar and apatite further strengthen
the immobilization process, transforming Pb and Zn into less
mobile and bioavailable forms. Over time, the development of
stable organic-mineral coatings on biochar surfaces contributes
to the long-term stabilization of these metals. These ndings
highlight the promise of biochar-based amendments, particu-
larly when combined with apatite, for the effective remediation
of heavy metal-contaminated soils.
3.6. Correlation of the exchangeable fraction of lead and
zinc with pH, OC, and EC of incubated soil aer a one-month
incubation

Spearman's correlation analysis was employed to assess the
relationships between key soil properties, pH, organic carbon
(OC), electrical conductivity (EC), and the exchangeable frac-
tions of lead (Pb) and zinc (Zn) in the incubated soils. The
results, presented in Fig. 7a and b, provide signicant insights
into how these soil properties inuence the mobility and
availability of Pb and Zn in soils amended with biochar and
apatite ore.

3.6.1. Correlation of F1_Pb with soil properties. Fig. 7a
illustrates a strong negative correlation between the exchange-
able fraction of Pb (F1_Pb) and all three soil properties: pH, OC,
and EC, with correlation coefficients (r) of −0.84, −0.80, and
−0.85, respectively. These ndings suggest that as soil pH,
organic carbon content, and electrical conductivity increase, the
exchangeable Pb fraction decreases, indicating that higher
values of these properties lead to enhanced immobilization of
RSC Adv., 2025, 15, 11975–12000 | 11993
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Fig. 7 Correlation analysis of exchangeable Pb (F1_Pb) and Zn (F1_Zn) with soil pH, EC, and OC following one-month biochar and apatite
amendment.
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Pb and reduced its mobility within the soil solution. This aligns
with the general understanding that an increase in pH results in
the precipitation of Pb as less soluble forms, such as Pb(OH)2 or
Pb-phosphate complexes, which effectively reduce its
bioavailability.
11994 | RSC Adv., 2025, 15, 11975–12000
The strong negative correlations between F1_Pb and these
soil properties suggest that biochar amendment, by raising
both soil pH and organic carbon content, may play a crucial role
in promoting Pb immobilization. Organic carbon in biochar can
act as a sorbent for Pb ions, potentially through surface
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Component matrix showing the influence of organic carbon
(OC), pH, and electrical conductivity (EC) on exchangeable fraction of
lead (F1_Pb) and zinc (F1_Zn)

Element Component 1 Component 2

F1_Pb −0.48746 −0.03494
F1_Zn −0.34651 0.76614
pH 0.46407 −0.27503
EC 0.47012 0.36561
OC 0.45379 0.44998
Eigenvalue 3.92664 0.84122
Cumulative variances (%) 78.53% 95.36%
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interactions or cation exchange mechanisms, thus reducing the
exchangeable Pb fraction.

3.6.2. Correlation of F1_Zn with soil properties. Fig. 7b
presents the correlation between the exchangeable fraction of
Zn (F1_Zn) and soil properties. A strong negative correlation
was observed between F1_Zn and pH (r = −0.76), indicating
that as soil pH increases, exchangeable Zn decreases. This
relationship suggests that higher soil pH promotes the precip-
itation of Zn as insoluble compounds, such as zinc hydroxides
or phosphates, thereby reducing its mobility in the soil solu-
tion. This is in line with the general trend observed for Pb,
indicating that the mechanisms of metal immobilization in
response to changes in soil pHmight be similar for both Pb and
Zn.

However, the correlations between F1_Zn and both EC (r =
−0.28) and OC (r = −0.33) were relatively weak and negative,
which suggests that while soil organic carbon and electrical
conductivity may inuence Zn availability, the effect is less
pronounced than for Pb. This could be attributed to the
different geochemical behaviors of Zn compared to Pb, as Zn
tends to be more mobile and soluble under a wider range of soil
conditions. Moreover, the lower negative correlation between
F1_Zn and EC might reect the fact that Zn's mobility in soil is
inuenced not only by EC but also by other factors such as its
interaction with soil mineral phases and organic matter.

3.6.3. Correlations between soil properties (pH, OC, and
EC). A noteworthy nding in Fig. 7a is the signicant positive
correlation observed between soil pH and both OC (r = +0.67)
and EC (r = +0.59). This suggests that higher organic carbon
content, oen introduced by biochar, is associated with
increased pH and EC. The increase in pH could be a result of the
alkaline nature of biochar, which has been shown to elevate soil
pH upon application, potentially through the release of basic
cations like calcium (Ca2+) and magnesium (Mg2+) from bio-
char's structure. Additionally, the increase in EC may be linked
to the release of soluble ions from biochar, enhancing the ionic
strength of the soil solution, which in turn could affect metal
solubility and mobility.

The strong positive correlation between EC and OC (r =

+0.84) supports the hypothesis that biochar, as a source of
organic carbon, contributes to both the increase in soil organic
matter and the rise in electrical conductivity. This nding is
critical because the interaction between organic matter and soil
electrolytes may play an essential role in modulating the avail-
ability and mobility of metals like Pb, potentially improving the
effectiveness of biochar in soil remediation.

3.6.4. Comparison with previous studies. The observed
correlations between the exchangeable fractions of both Pb and
Zn with soil pH, OC, and EC are consistent with previous studies
that examined biochar-treated Pb- and Zn-contaminated soils.
Prior research has demonstrated negative correlations between
F1_Pb and F1_Zn with soil pH, OC, and EC, highlighting the
potential of biochar as an amendment for enhancing heavy
metal immobilization in contaminated soils.10,11,18,29 The nega-
tive correlations with pH in particular support the hypothesis
that biochar's ability to raise soil pH is a key mechanism
through which it promotes metal immobilization.
© 2025 The Author(s). Published by the Royal Society of Chemistry
However, the distinct correlation patterns for Pb and Zn may
reect the different chemical forms and bioavailability of these
metals in the soil. For example, while both metals form insol-
uble precipitates at higher pH, Pb tends to form more stable,
less mobile complexes, whereas Zn is more readily soluble in
neutral to slightly alkaline conditions. This may explain the
stronger correlations between Pb and pH, OC, and EC,
compared to Zn.

In conclusion, the correlation analysis reveals that soil pH
plays a critical role in the immobilization of both Pb and Zn,
with biochar and apatite amendments enhancing metal
sequestration through increases in pH, organic carbon content,
and electrical conductivity. Strong negative correlations
between exchangeable Pb and soil properties, especially pH,
suggest that biochar effectively reduces Pb mobility by
promoting precipitation and complexation. In contrast, while
soil pH signicantly affects Zn, the weaker correlations with
organic carbon and electrical conductivity indicate that other
factors, such as the specic geochemical behaviour of Zn, may
inuence its availability in soil. These ndings highlight the
potential of biochar amendments, particularly in combination
with apatite, for the long-term immobilization of heavy metals
in contaminated soils, with implications for improving soil
remediation strategies. Further research is needed to explore
Zn-specic mechanisms and optimize biochar applications for
broader metal contaminants.
3.7. Principal component analysis (PCA) and its
interpretation

Principal Component Analysis (PCA) was employed to assess the
relationships between the exchangeable fractions of lead
(F1_Pb) and zinc (F1_Zn) and key soil properties, including pH,
organic carbon (OC), and electrical conductivity (EC), following
the amendment period. The outcomes of the PCA, summarized
in Table 6 and Fig. 8, provide valuable insights into the inter-
relationships between the variables and the dynamics of metal
mobility in amended soils. PCA is particularly useful in
reducing the dimensionality of the dataset while retaining the
most important information, thus offering a clearer under-
standing of how multiple variables interact with each other.

The component loadings, represented as correlation coeffi-
cients, indicate how each original variable contributes to the
formation of a principal component (PC). A positive loading
RSC Adv., 2025, 15, 11975–12000 | 11995
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Fig. 8 PCA results show the relationships between pH, EC, and OC
with the exchangeable fractions of Pb and Zn of incubated soil samples
in a two-dimensional loading plot.
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suggests that as the value of the variable increases, the value of
the corresponding principal component also increases, while
a negative loading suggests an inverse relationship. By exam-
ining these loadings, we can gain a comprehensive under-
standing of how the exchangeable fractions of Pb and Zn relate
to key soil properties such as pH, OC, and EC.

3.7.1. Interpretation of the rst principal component
(PC1). The rst principal component (PC1) accounts for 78.53%
of the total variance in the dataset, which is a signicant
proportion and indicates that it captures the majority of the
variability in the data. The negative loadings for both F1_Pb
(−0.48746) and F1_Zn (−0.34651) suggest a strong inverse
relationship between the exchangeable fractions of Pb and Zn
and key soil properties like pH, OC, and EC. This negative
correlation implies that as soil pH, organic carbon content, and
electrical conductivity increase, the mobility and bioavailability
of Pb and Zn decrease. The reduction in the exchangeable
fractions of these metals signies enhanced immobilization,
suggesting that these soil properties play a vital role in the
transformation of Pb and Zn from more mobile forms to less
bioavailable forms, such as precipitates or sorbed complexes,
which are less likely to leach into groundwater or be taken up by
plants.

The strong negative loadings for both F1_Pb and F1_Zn on
PC1 support the idea that biochar–apatite co-amendment may
be effective in reducing the environmental risks associated with
Pb and Zn contamination by improving soil properties. By
increasing soil pH (due to the alkaline nature of biochar),
organic carbon (via biochar's contribution), and EC (through
the ionic release from biochar), the mobility of these heavy
metals can be signicantly reduced. This reduction in metal
bioavailability not only reduces toxicity to plants and soil
organisms but also improves overall soil health by mitigating
the adverse effects of metal toxicity.

3.7.2. Correlations between soil properties on PC1. The
positive loadings for soil properties such as pH (+0.46407),
11996 | RSC Adv., 2025, 15, 11975–12000
organic carbon (OC) (+0.45379), and electrical conductivity (EC)
(+0.47012) on PC1 further corroborate the inverse relationship
with the exchangeable fractions of Pb and Zn. These positive
loadings indicate that as these soil properties increase, the
corresponding PC1 value also increases, leading to lower
exchangeable Pb and Zn levels.

3.7.2.1. Soil pH. The positive loading of pH indicates that
higher pH levels are associated with the decreased mobility of
Pb and Zn. This is consistent with the known fact that at higher
pH levels, Pb and Zn are more likely to form insoluble hydrox-
ides or phosphate complexes, which are less mobile and
bioavailable. Therefore, raising soil pH through biochar appli-
cation can help sequester these metals in less available forms,
thereby reducing their toxic effects.

3.7.2.2. Organic carbon (OC). The positive loading of OC
suggests that organic carbon, particularly from biochar,
enhances the binding and immobilization of Pb and Zn. Bio-
char's surface chemistry, including its high cation-exchange
capacity and presence of functional groups, allows it to
adsorb heavy metals, thereby reducing their exchangeable
fractions in the soil. Moreover, OC can also support microbial
activity that promotes the transformation of metals into less
mobile forms.

3.7.2.3. Electrical conductivity (EC). The positive correlation
between EC and reduced F1_Pb and F1_Zn levels suggests that
increased ionic strength in the soil (due to biochar's inuence
on EC) helps in metal precipitation. The release of soluble ions
from biochar may facilitate the formation of insoluble metal
salts, further decreasing the metals' bioavailability.

3.7.3. Interpretation of the second principal component
(PC2). PC2 accounts for 16.83% of the total variance in the
dataset, which is a smaller proportion compared to PC1 but still
offers useful information regarding the relationships between
soil properties. The positive loading for pH (+0.46407) on PC2
suggests that this component is associated with higher pH
levels in the soil, reinforcing the importance of pH in inu-
encing metal availability. Conversely, the negative loading for
OC (−0.44998) on PC2 suggests that, in this component, higher
pH levels tend to be associated with lower OC content. This
inverse relationship could arise from soil processes such as
mineralization or microbial decomposition, where higher pH
environments may promote the breakdown of organic material
and thus reduce OC levels.

This nding suggests that there may be a trade-off between
pH and OC content in some soils, which could be important
when managing soil conditions for optimal heavy metal
immobilization. For example, while raising soil pH can be
benecial for reducing Pb and Zn bioavailability, it may also
decrease organic carbon levels, which could reduce the soil's
ability to immobilize metals via organic matter. Therefore, it is
crucial to strike a balance between pH and organic carbon
content to maximize the effectiveness of biochar in immobi-
lizing heavy metals while maintaining soil health.

3.7.4. Summary of principal component analysis results.
Inclusion, the PCA results highlight the signicant role that soil
properties, particularly pH, OC, and EC, play in the immobili-
zation of Pb and Zn. The strong inverse correlation between the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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exchangeable fractions of these metals and the soil properties
suggests that improving soil quality—characterized by higher
pH, organic carbon content, and electrical conductivity—leads
to a reduction in metal mobility, thus enhancing their immo-
bilization in contaminated soils.

Furthermore, the analysis of PC2 emphasizes the complex
interactions between pH and OC, suggesting that soil
management strategies should carefully consider both proper-
ties to optimize metal immobilization. Biochar–apatite co-
amendments offer a promising solution by improving these
key soil properties, which may help reduce the bioavailability
and toxicity of Pb and Zn in contaminated soils. Future research
should explore the balance between pH and organic carbon
content in more detail, as well as investigate the interactions
between different types of soil amendments and their long-term
effects on metal immobilization.

4. Conclusions
4.1. Characterization of biochar and apatite

The biochar samples (TSB300 and TSB500) and apatite were
analyzed for their potential in soil remediation. Both amend-
ments displayed elevated pH levels and low concentrations of
Pb and Zn, indicating their suitability for mitigating heavy
metal contamination. Further characterization through FTIR,
SEM-EDS, and BET analyses revealed that TSB300 contained
a higher abundance of functional groups and a greater surface
area compared to TSB500. This increased surface area in
TSB300 likely enhances its capacity for metal adsorption,
making it a potentially more effective amendment for soil
remediation.

4.2. Effect on soil properties

Aer a 30-day incubation period, biochar and apatite amend-
ments led to signicant improvements in soil properties, as
indicated by increased pH, organic carbon (OC), and electrical
conductivity (EC) when compared to untreated controls. These
changes suggest that the amendments have a positive impact
on soil health, potentially enhancing both the fertility and
environmental conditions of contaminated soils.

4.3. Impact on Pb and Zn chemical fractions

The incubation of soil with varying application rates of TSB300,
TSB500, and apatite resulted in notable changes in the chemical
fractions of Pb and Zn. There was a signicant reduction in the
exchangeable fractions (F1) of both metals, with Pb decreasing
by up to 71.8% and Zn by up to 61.5%. In contrast, there were
corresponding increases in the more stable fractions (F4 and
F5). These results highlight the potential for biochar and apatite
amendments to reduce the bioavailability of heavy metals in
soil by shiing them to more stable, less mobile forms.

4.4. Mechanisms of heavy metal immobilization

The reduction in the exchangeable fractions of Pb and Zn likely
results from a combination of processes, including cation
exchange, precipitation, and adsorption on the biochar surface.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Both biochar types demonstrated similar effects, suggesting
that comparable mechanisms may be at play, although further
studies are needed to fully elucidate the relative contributions
of each process.
4.5. Future research directions

Future research should focus on examining the long-term
stability of heavy metal immobilization in biochar-amended
soils and assessing the effects of these amendments on soil
microbial communities and overall ecosystem functions. Long-
term eld trials would also be valuable to assess the durability
of these amendments beyond the laboratory conditions.
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