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Abstract

Remediating cadmium (Cd) contamination in aquatic and terrestrial environments has be-
come an urgent environmental priority. Biochar has been widely employed for heavy metal
removal due to its wide availability, strong adsorption capacity, and potential for recycling
agricultural waste. In this study, samples of alkali-Fe-modified biochar (Fe@NaOH-SBC,
Fe@NaOH-HBC, and Fe@NaOH-MBC) were prepared from agricultural wastes (ginger
straw, Sichuan pepper branches, and kiwi leaves) through NaOH and FeCls-6H,O modifi-
cation. A comprehensive characterization confirmed that the alkali-Fe-modified biochar
exhibits a higher specific surface area, richer functional groups, and successful incor-
poration of the iron oxides Fe304 and «-FeOOH. The fitting parameter gmax from the
Langmuir model indicates that the alkali-Fe modification of carbon significantly enhanced
its maximum capacity for Cd?* adsorption. Furthermore, a synergistic effect was observed
between iron oxide loading and alkali modification, outperforming alkali modification
alone. Furthermore, a 30-day soil incubation experiment revealed that the application of
alkali-Fe-modified biochar significantly increased soil pH, SOM, and CEC while reducing
the available cadmium content by 13.34-33.94%. The treatment also facilitated the transfor-
mation of highly bioavailable cadmium species into more stable, less bioavailable forms,
thereby mitigating their potential entry into the food chain and the associated human
health risks. Moreover, short-term spinach seed germination experiments confirmed that
treatments with varying additions of alkali-Fe-modified biochar mitigated the inhibition
of seed physiological processes by high concentrations of available cadmium to varying
degrees. Overall, this study provides a sustainable and effective strategy for utilizing
agricultural waste in the remediation of cadmium-contaminated water and soil systems.

Keywords: agricultural waste recycling; modified biochar; heavy metals; adsorption
process; soil remediation

1. Introduction

In recent years, the rapid expansion of industrial activities has resulted in the discharge
of substantial amounts of toxic and hazardous heavy metals into rivers and groundwater,
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causing severe environmental contamination [1,2]. Heavy metal pollution in agricultural
soils has emerged as a growing global concern, attracting increasing attention [3]. In China,
cadmium (Cd) has been identified as the predominant heavy metal contaminant, affecting
more than 13,000 hectares of farmland [4,5]. Due to its high toxicity and mobility, Cd(II)
readily accumulates in soil-plant systems and enters the food chain, posing a serious
threat to human health [6]. Consequently, the development of cost-effective and efficient
remediation technologies for Cd(II)-contaminated wastewater and soils has become a
critical challenge that urgently needs addressing.

The utilization of agricultural waste to prepare heavy metal adsorbents has been
recognized as a promising approach owing to its wide availability, low cost, and envi-
ronmental friendliness [7]. Biochar—a carbon-rich material produced via the pyrolysis
of agricultural biomass under oxygen-limited conditions [8]—has demonstrated strong
adsorption potential for heavy metals due to its large specific surface area, well-developed
pore structure, and abundant surface functional groups [9]. With its simple preparation
process, ecocompatibility, and renewable nature, biochar shows great promise for remedi-
ating Cd(Il) contamination in both aqueous and soil environments. Moreover, previous
studies have reported that biochar represents one of the most rapid and effective strategies
for reducing the mobility and bioavailability of toxic metals in soils [10,11].

Beyond conventional biochar systems, recent studies have explored other innovative
and recyclable materials for heavy metal removal. For example, Xu et al. (2024) developed
a zeolite-loaded cellulose-polyacrylamide hydrogel (Z@CA) for removing cadmium from
contaminated soil, which exhibited a high adsorption capacity of 84.4 mg-g~! for Cd(II) and
maintained excellent recovery and structural integrity over multiple cycles, demonstrating
the potential of hydrogel-based composites in sustainable soil remediation [12].

Nevertheless, several limitations of pristine biochar have been identified with further
research. Unmodified biochar generally exhibits a low removal efficiency and limited
adsorption capacity toward heavy metal ions, often performing even worse than activated
carbon [13]. These shortcomings have restricted its widespread practical application.
As a result, researchers have increasingly focused on modifying biochar to enhance its
physicochemical properties and adsorption performance for heavy metal remediation.

To overcome these limitations, various modification methods have been developed to
improve the adsorption capacity of biochar for heavy metals, including mechanical acti-
vation (e.g., ball milling), physical activation (e.g., nitrogen flow treatment), and chemical
activation (e.g., KOH or metal oxide loading) [14]. Among these, iron-based modification
has received particular attention, as biochar-iron oxide composites have shown excellent
potential in removing heavy metals from aqueous and soil environments [15-17]. Iron-
modified biochar, produced by incorporating iron compounds or mixtures with biochar,
has attracted significant global interest due to its superior adsorption and immobilization
performance, which is attributed to its high surface area, strong structural stability, ability
to supply Fe ions, and rich functional groups [18,19].

The development of high-performance adsorbents is not limited to heavy metal re-
mediation but also extends to the treatment of radioactive contaminants. In a compre-
hensive review on radionuclide removal, Ghazoui et al. (2025) [20] highlighted that en-
gineered biochars, such as sewage-sludge-derived and Fe3;O4-modified biochars, exhibit
remarkably high adsorption capacities (e.g., 454.5 mg-g~! for U(VI)), surpassing those of
many traditional materials like clays and zeolites. This underscores the ongoing innova-
tion in carbonaceous adsorbents and their potential in addressing diverse environmental
pollution challenges.

In addition, alkali modification can further improve the physicochemical properties
of biochar by increasing its surface area, functional group density, and alkalinity. For
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instance, NaOH-modified rapeseed straw biochar exhibited an increase in specific surface
area (SBET) from 19.13 to 43.18 m? g~ !, resulting in a 1.21-fold improvement in Cd(II)
adsorption capacity [21]. Similarly, Ca (OH),-modified soybean straw biochar achieved a
maximum Cd(I) adsorption capacity of 78.49 mg g~ !, representing a 1.56-fold enhancement
compared with unmodified biochar [22].

Therefore, in this study, a one-step impregnation-pyrolysis method was employed
using ginger straw, Sichuan pepper branches and leaves, and kiwifruit branches and leaves
as raw materials. Through combined alkali and iron modifications, we developed an
alkali-Fe-modified biochar with high efficiency, cost-effectiveness, and environmental
sustainability. The prepared biochar was applied for Cd(II) remediation in both aqueous
and soil systems, aiming to provide a valuable reference for the restoration of Cd(Il)-
contaminated environments and to promote the resource utilization of agricultural wastes.

2. Materials and Methods
2.1. Materials and Reagents

The soil used in this study was collected from a kiwifruit plantation located in
Yongchuan District, Chongqing, China, which had not been subjected to cadmium contami-
nation. The raw materials—ginger stalks, Sichuan pepper branches, and kiwifruit leaves—
were obtained from the experimental base of the Chongqing University of Arts and Sciences.
The main chemical reagents included cadmium chloride dihydrate (CdCl,-2.5H;0, analyti-
cal grade), sodium hydroxide (NaOH, analytical grade), and nitric acid (HNOj3, analytical
grade), which were all purchased from Aladdin Biochemical Technology Co., Ltd., Shang-
hai, China. Ferric chloride hexahydrate (FeCls-6H;0O, analytical grade) was supplied by
Macklin Biochemical Co., Ltd., Shanghai, China. Deionized water was used throughout all
experimental procedures for the preparation of analytical-grade solutions. The Cd(II) stock
solution was prepared using CdCl,-2.5H,0 as the cadmium source.

2.2. Preparation and Modification of Biochar
2.2.1. Preparation of Raw Biochar

Raw materials, including ginger stalks, Sichuan pepper branches, and kiwifruit leaves,
were obtained from the experimental base of Chongqing University of Arts and Sciences.
The collected biomass was first rinsed with tap water to remove surface impurities, followed
by thorough washing with deionized water. It was then dried at 80 °C for 24 h, cut into
approximately 2 cm segments, and ground into 80-mesh powder using a high-speed grinder
(model KX-250, Wuyi Dingcang Daily Metal Products Factory, Wuyi, China). The resulting
powder was placed in a crucible, covered with aluminum foil, and carbonized in a muffle
furnace at 400 °C for 0.5 h. The obtained biochars were designated as SBC (derived from
ginger stalks), HBC (from Sichuan pepper branches), and MBC (from kiwifruit leaves) for
subsequent experiments.

2.2.2. Preparation of Alkali-Iron-Modified Biochar

SBC, HBC, and MBC were individually immersed in a 1 mol L~! NaOH solution at a
solid-to-liquid ratio of 1:10. The mixtures were stirred at 100 °C for 1 h and then allowed
to cool naturally. The resulting solids were filtered and rinsed thoroughly with deionized
water until a stable pH was achieved, followed by drying at 80 °C. The dried biochar was
subsequently soaked in a 1 mol L~! FeCl3-6H,0 solution at a biochar-to-iron mass ratio
of 1:1. The pH of the mixture was adjusted to 11 using 5 mol L~! NaOH. After standing
for 4 h, the products were washed with deionized water, vacuum-filtered, and dried again
at 80 °C before being stored in sealed containers. The final alkali-Fe-modified biochar
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specimens were designated as Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC for
subsequent experiments.

2.3. Characterization and Analysis

The elemental compositions (C, H, N, and O) of the SBC, HBC, MBC, Fe@NaOH-SBC,
Fe@NaOH-HBC, and Fe@NaOH-MBC were determined using an elemental analyzer (Vario
EL Cube, Elementar, Langenselbold, Germany). The microstructures and surface morpholo-
gies of the six biochar samples were examined using scanning electron microscopy (SEM;
Gemini SEM 300, ZEISS, Oberkochen, Germany). The specific surface area, pore volume,
and pore size distribution were analyzed using an automated surface area and porosity
analyzer (ASAP 2460, Micromeritics, Norcross, GA, USA). The surface functional groups
were identified using Fourier-transform infrared spectroscopy (FTIR—Thermo Fisher Sci-
entific Nicolet iS20, Waltham, MA, USA). In addition, X-ray photoelectron spectroscopy
(XPS; K-Alpha, Thermo Fisher Scientific, Waltham, MA, USA) was employed to determine
the surface elemental composition and chemical bonding states, with high-resolution scans
conducted for the C 1s, O 1s, and N 1s regions. The crystalline structures of the biochars
were characterized using X-ray diffraction (XRD; Ultima IV, Rigaku, Japan). XPS data were
processed using Avantage software, while XRD data were processed using Jade 9 software.
Data calculation and processing were completed using Excel. Additionally, Origin 2021
software was employed for adsorption model fitting, and corresponding adsorption model
plots and FTIR spectra were generated.

2.4. Adsorption Experiment

Cadmium-containing wastewater was treated via adsorption using six types of biochar
material: SBC, NaOH-SBC, Fe@NaOH-SBC, MBC, NaOH-MBC, Fe@NaOH-MBC, HBC,
NaOH-HBC, and Fe@NaOH-HBC. To prevent cadmium precipitation during the adsorption
process, the initial pH of the Cd(Il) solution was adjusted to approximately 5.5 using
0.1 mol L~! HNOj3 or NaOH solutions [23]. After adsorption, the suspensions were filtered,
and the residual Cd(II) concentration in the filtrate was determined via flame atomic
absorption spectroscopy (FAAS) using a Shimadzu AA-6300C spectrometer (Tokyo, Japan).

2.4.1. Adsorption Kinetics

A 50 mL solution containing Cd(II) was placed in a 100 mL polyethylene centrifuge
tube, together with 0.05 g of adsorbent. To ensure the adsorption isotherm experiments
with the alkali-Fe-modified carbon (Fe@NaOH-SBC, Fe@NaOH-MBC, Fe@NaOH-HBC),
alkali-modified carbon (NaOH-SBC, NaOH-MBC, NaOH-HBC), and raw carbon (SBC,
MBC, HBC) could be conducted within their pre-experimentally determined effective
adsorption capacity ranges to obtain high-quality, fit-ready data, we purposefully set
different initial concentrations: 50 mg L~! for raw carbon, 100 mg L~ for alkali-modified
carbon, and 150 mg L ! for alkali-Fe-modified carbon. The pH was adjusted to 5.00 + 0.05,
and the mixture was shaken at 150 rpm and 25 °C for 24 h. Aliquots were withdrawn at
predetermined time intervals (0, 1, 5, 10, 30, 60, 120, 240, 480, and 1440 min) and filtered
through a 0.45 pm disposable organic syringe filter, and the filtrate was analyzed for
Cd(II) concentration using flame atomic absorption spectroscopy (FAAS) with a Shimadzu
AA-6300C spectrometer (Tokyo, Japan) at a 277.7 nm wavelength.

2.4.2. Adsorption Isotherms

A series of 50 mL Cd(II) solutions with initial concentrations ranging from 0.5 to
400 mg L~! was prepared in 100 mL conical flasks. The initial pH of each solution was
adjusted to 5.50 4= 0.05. Subsequently, 0.05 g of adsorbent was added to each flask, and the
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mixtures were shaken at 150 rpm and 25 °C for 24 h. After shaking, the suspensions were
filtered, and the filtrates were analyzed to identify any residual Cd(Il) concentration.

2.4.3. Adsorption Thermodynamics

In 100 mL polyethylene centrifuge tubes, 0.05 g of adsorbent and 50 mL of a
200 mg L~! Cd(II) solution were added. The pH was adjusted to 5.00 = 0.05. The tubes
were then incubated in a constant-temperature shaker at 150 rpm for 24 h at three dif-
ferent temperatures (25, 35, and 45 °C). After incubation, the mixtures were filtered, and
the filtrates were analyzed to identify any residual Cd(II) concentration. All adsorption
experiments were performed in triplicate, and the results are reported as mean values.

2.5. Soil Incubation Experiment for Heavy Metal Remediation

In this study, surface soil samples (0-20 cm depth) were collected from a kiwifruit
plantation in Yongchuan District, Chongqing Municipality, which was an area without
prior cadmium contamination. The soil here is typical purple soil. The samples were air-
dried, mechanically ground, and passed through a 2 mm sieve. To meet the experimental
requirements, cadmium was introduced by adding a cadmium chloride (CdCl,) solution to
the soil. The solution was applied evenly and thoroughly mixed to ensure a homogeneous
distribution. The soil moisture content was then adjusted to 80% of the field capacity using
deionized water. Subsequently, the spiked soils were incubated for one month at room
temperature in sealed containers under dark conditions to prevent photodegradation and
minimize moisture loss. The deionized water was replenished every three days during
incubation to maintain the soil moisture at 80% [24]. After one month of soil passivation, a
spinach seed germination experiment was conducted.

2.6. Determination of Soil-Related Indexes

The collected soil samples were air-dried, homogenized, and sequentially passed
through 20- and 100-mesh sieves (HJ/T 166-2004) [25]. The fraction retained on the
100-mesh sieve was subjected to a five-step sequential extraction procedure following
the Tessier method to determine the cadmium speciation [26]. In contrast, the fraction
that passed through the 20-mesh sieve was used to analyze the pH, CEC, and SOM, and
available cadmium contents.

3. Results and Discussion

3.1. Characterization of the Biochar
3.1.1. Basic Characteristics of Biochar

The atomic ratios of different elements can determine the chemical properties of
biochar to some extent. The elemental compositions of HBC, MBC, and SBC are shown
in Table 1.

Table 1. Basic characteristics of HBC, MBC, and SBC.

Biochar N (%) C (%) H (%) O (%) H/C o/C (O + N)/C  Ash Content (%)
SBC 2.304 52.493 3.814 20.939 0.865 0.299 0.337 26
HBC 1.517 62.802 4.022 22.510 0.763 0.269 0.290 10
MBC 1.120 68.264 4.086 21.921 0.713 0.241 0.255 7

When characterizing the fundamental chemical properties of biochar, the atomic ratios
H/C,0/C,and (N + O)/C are commonly calculated based on the percentage compositions
of C, H, O, and N elements. Table 1 shows that the H/C atomic ratios of SBC, HBC,
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and MBC are all <1, with MBC exhibiting the lowest H/C ratio (0.713), indicating its
highly carbonized state [27]. High carbonization facilitates the formation of more aromatic
structures. When the H/C ratio is low, biochar exhibits strong aromaticity and high stability.
The O/C ratio reflects the hydrophilicity of the biochar surface; higher values indicate
stronger hydrophilicity [28]. The (N + O)/C ratio represents the abundance of polar
functional groups; higher values indicate greater biochar polarity. SBC exhibits the highest
atomic ratios (O/C = 0.299, (O + N)/C = 0.337), indicating strong hydrophilicity, which is
conducive to chelating heavy metal ions (e.g., Pb?*, Cd?*). This suggests the presence of
abundant oxygen/nitrogen-containing functional groups (e.g., -COOH, -OH), which were
verified via a subsequent FTIR analysis of the biochar.

3.1.2. Microstructure of Biochar

1.  Surface morphology analysis

The surface morphologies of SBC (a), Fe@NaOH-SBC (b), HBC (c), Fef@NaOH-HBC (d),
MBC (e), and Fe@NaOH-MBC (f) were observed using SEM.

Figure la,c,e show that SBC, HBC, and MBC exhibited typical porous structures
characterized by relatively intact pore networks and well-organized arrangements. The
original tubular morphology was largely retained with smooth surface features. In contrast,
observations of the Fe-modified biochars (Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-
MBC) at the same magnification (Figure 1b,d,f) revealed partial structural collapse and
fragmentation of the initially regular surfaces, likely caused by corrosion during the NaOH
treatment in the modification process. The modified biochar displayed irregular surface
textures covered with numerous fine particles, which were presumably iron oxides formed
during the alkali-iron modification. These deposited particles contributed to a rougher
surface morphology and the formation of additional irregular structures, which increased
the number of active adsorption sites and substantially enlarged the specific surface area.
Such structural alterations were expected to enhance the metal ion adsorption capacity of
the Fe-modified biochar [29].

2. Specific surface area and pore structure analysis

Table 2 shows the specific surface area, total pore volume, and average pore size of the
HBC, MBC, SBC, Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC (calculated using
the BET method).

Table 2. Analysis of specific surface area and pore structure of biochars SBC, Fe@NaOH-SBC, HBC,
Fe@NaOH-HBC, MBC, and Fe@NaOH-MBC.

Total Pore Volume BET Average
Biochar BET Specific Area (m?/g) (Adsorption) Pore Size
(cm3/g) 102 (Adsorption) (nm)
SBC 3.707 1.03 11.152
Fe@NaOH-SBC 67.096 5.22 3.115
HBC 2.703 0.56 8.274
Fe@NaOH-HBC 45.229 8.17 7.217
MBC 3.559 0.83 9.319
Fe@NaOH-MBC 67.369 5.57 3.307

The alkali-Fe-modified biochars (Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-
MBC) exhibited markedly increased specific surface areas, confirming the effectiveness
of the modification process in improving the surface characteristics, a result consistent
with previous findings [30]. The total pore volumes of Fef@NaOH-SBC, Fe@NaOH-HBC,
and Fe@NaOH-MBC increased by factors of 5.2, 14.5, and 6.7, respectively. Since a larger

https://doi.org/10.3390/su18010373


https://doi.org/10.3390/su18010373

Sustainability 2026, 18, 373

7 of 25

pore volume generally correlates with an enhanced adsorption capacity, these results
indicate that the modified biochars possess significantly improved adsorption performance
compared with their unmodified counterparts. Notably, Fe-SBC and Fe-HBC displayed the
most pronounced reductions in average pore size. The modification process further refined
the pore structure, transitioning from larger to smaller mesopores within the mesoporous
range. Mesopores provide an optimal balance between diffusion efficiency and adsorption
capacity while offering a higher specific surface area than macropores, as supported by
the surface area data [31]. In summary, NaOH, serving as an alkaline modifier, selectively
dissolved silicate and ash components within the biochar matrix, thereby generating
new micropores and mesopores [32]. Concurrently, FeCl;-6H,O acted as the iron source,
producing iron oxide deposits that subdivided macropores into mesoporous structures with
enlarged surface areas. Together, these modifications contributed to the increased specific
surface area, total pore volume, and reduced average pore size of the treated biochar. Such
textural enhancements are expected to substantially improve the heavy metal adsorption
capacity of the alkali-Fe-modified biochar.

.
1 EHT= 300KV SignalA = €2 aponure Size = 60.00um EAT= 200KV Sonar A = SE2 Aporuro izo = 60.00pm
WD = 6.9mm Mag= 150KX Date: 8.Jul 2025 WD = 7.3mm Mag= 1.50KX Date’ 8.Jul 2025

&

EHT= 300KV Signal A = SE2

EHT= 300KV
A wWo=7.1mm Mog= 150KX Date: 8.Jul 2025 wo = 74mm Mag= 1.50KX Date: 8.4u1 2025
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Figure 1. SEM diagrams of carbon materials: (a) SBC, (b) Fe@NaOH-SBC, (c) HBC, (d) Fe@NaOH-HBC,
(e) MBC, and (f) Fe@NaOH-MBC.

3.1.3. FTIR Analysis

FTIR was employed to analyze the surface functional groups of the SBC, Fe@NaOH-
SBC, HBC, Fe@NaOH-HBC, MBC, and Fe@NaOH-MBC, and the results are presented
in Figure 2.
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Figure 2. The FTIR spectra of SBC, Fe@NaOH-SBC, HBC, Fe@NaOH-HBC, MBC, and Fe@NaOH-MBC.

Fourier transform infrared (FTIR) analysis of the biochar samples revealed significant
changes in functional groups before and after modification. The broad absorption peak
observed at 3415-3419 cm ! corresponds to O-H stretching vibrations [33]. Following the
alkali-Fe modification, the intensity of this peak markedly increased and shifted toward
lower frequencies (3415-3390 cm~!), indicating the introduction of additional hydroxyl
groups [34]. This modification enhanced hydrogen-bonding interactions and the ion-
exchange capacity of the biochar surface [35]. The absorption peak near 2925 cm ™! in the
original biochar (SBC, MBC, HBC) corresponds to the asymmetric stretching vibration of
-CH,; in the fatty chain, indicating the presence of aliphatic structures [36]. After the alkali-
Fe modification, this peak nearly disappears, suggesting that the aliphatic components
were consumed or transformed during the strong alkali modification process. Absorption
peaks at 16021612 cm ! are typically attributed to aromatic C=C stretching vibrations
or C=0 stretching vibrations in carboxyl groups (-COOH) [37]. Following the alkali-Fe
modification, this peak shifts to 1566-1568 cm . The red shift at both positions may result
from the introduction of oxygen-containing functional groups during alkali modification,
which facilitates ion-exchange adsorption and plays a crucial role in stabilizing heavy
metals in soil [38]. The absorption peak at 1314-1317 cm ! likely originates from C-O or
C-N stretching vibrations [39], exhibiting a blue shift to 1344-1370 cm ™! after modification.
This blue shift, combined with the aforementioned functional group changes, provides key
evidence for functional group rearrangement, which facilitates the formation of surface
complexes with metal ions [40].

Notably, new absorption peaks at 613-580 cm~! appeared in Fe@NaOH-SBC,
Fe@NaOH-MBC, and Fe@NaOH-HBC, which were unequivocally attributed to Fe-O bond-
stretching vibrations. This confirms the successful loading of iron oxides onto the biochar
surface [41]. The introduction of iron oxides not only provides specific adsorption sites but
may also enhance heavy metal immobilization through coprecipitation. Fe-HBC exhibits
two new absorption peaks between 895 and 796 cm~!. According to literature reports, this
wavenumber range is characteristic of the out-of-plane bending vibration of C-H bonds on
aromatic rings [42—44]. This vibrational mode serves as a crucial basis for determining the
substitution type of aromatic structures, and its appearance directly confirms the presence
of aromatic structures in the modified biochar. The existence of aromatic systems provides
the structural basis for m—m interactions [45], a mechanism that plays a significant role in
the adsorption of heavy metals, such as Cd?*.

3.1.4. XPS Analysis

X-ray photoelectron spectroscopy (XPS) was employed to analyze changes in the
surface properties of biochar before and after modification. The full-scan XPS spectra and
high-resolution narrow scans of C 1s, O 1s, and N 1s for the modified biochar are presented
in Figures 3 and 4.
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Figure 3. The XPS spectra of (a) SBC and Fe@NaOH-SBC, (b) HBC and Fe@NaOH-HBC, and (c) MBC
and Fe@NaOH-MBC.
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Figure 4. (a—i) The high-resolution C 1s, O 1s, and Fe 2p spectra of SBC, Fe@NaOH-SBC, HBC,
Fe@NaOH-HBC, MBC, and Fe@NaOH-MBC.

The XPS full-scan spectra of the biochar before and after modification—SBC and
Fe@NaOH-SBC, HBC and Fe@NaOH-HBC, and MBC and Fe@NaOH-MBC—are presented
in Figure 3a—c. All spectra displayed characteristic peaks corresponding to C 1s at ap-
proximately 284 eV, O 1s near 531 eV, and N 1s around 398 eV. In the modified samples
(Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC), additional Fe 2p peaks appeared
in the range of 700-740 eV, confirming the successful incorporation of iron species onto the
biochar surfaces.

In Figure 4, the Cls spectra of SBC, XBC, and HBC (Figure 4a—c) can be resolved into
three peaks with binding energies (BEs) near 284.8, 286.6, and 288.7 eV, corresponding to the
functional groups C-C/C=C, C-O/C-N, and -COOH, respectively. Following alkaline-iron
modification, the C1s spectra of Fe@NaOH-SBC, Fe@NaOH-MBC, and Fe@NaOH-HBC
exhibit significant changes in the relative intensities of these three peaks, with substantial
increases in the C-O/C-N and -COOH contents. This phenomenon primarily stems from
oxidation reactions induced by the alkaline modifier. Under alkaline conditions, the carbon
skeleton undergoes etching and degradation, oxidizing some stable C-C/C=C structures
and introducing oxygen-containing functional groups, such as carboxyl (-COOH), hydroxyl
(-OH), and ether bonds (C-O). This is crucial for enhancing the adsorption performance
of heavy metal Cd?*. Concurrently, the content of C-C/C=C components, representing
the original biochar skeleton, correspondingly decreased. This directly confirms that the
modification process disrupted part of the aromatic structure and successfully converted
it into various oxygen-containing functional groups. These functional groups serve as
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excellent metal-ion coordination sites, effectively immobilizing Cd** through ion exchange
and surface complexation mechanisms [46].

The O 1s spectrum (Figure 4d—f) exhibits characteristic peaks for C=0O, C-O, and -OH
groups. Post-modification, the C=O and -OH contents increased while the C-O content
decreased. A new characteristic peak emerged near 530 eV, which was attributable to Fe-O
bonds in iron oxides (e.g., Fe304 or y-Fe;O3) [47,48]. This peak serves as direct evidence
that iron oxides were successfully chemically bonded onto the biochar. The concurrent
increases in C=0 and -OH functional groups indicate that the carbon skeleton of biochar
was etched and oxidized under the strongly oxidizing conditions of alkaline iron modifi-
cation, introducing more oxygen-containing functional groups. Simultaneously, the C=O
and ~OH functional groups significantly increased while C-O decreased. These changes
suggest that the intense oxidation during alkaline iron modification introduced abundant
oxygen-containing functional groups onto the biochar surface. The substantial increase in
oxygen-containing functional groups (carboxyl, hydroxyl) and iron oxide active sites on
the modified carbon surface is expected to synergistically enhance the Cd?* adsorption
performance through complexation interactions [49].

Figure 4g—i present the Fe 2p spectra. The photoelectron peaks of the three alkali—Fe-
modified carbons in the 710-726 eV range correspond to the binding energies of Fe 2p 3/2
and Fe 2p 1/2. Peaks near 710.4 and 723.9 eV represent Fe?* binding energy peaks [50];
those near 712 and 726 eV indicate Fe3* binding energy peaks [51], with the peak near
726 eV corresponding to «a-FeOOH [52]. The binding energy gap between the two main
peaks (723.9 and 710.4 eV) is 13.5 eV, indicating the presence of Fe;O; in the material [53].
These results collectively confirm the successful loading of iron oxides onto the three
alkali-Fe-modified carbons after the alkali-Fe modification. The Fe(IT) /Fe(IIl) ratios were
41.6%:58.4% for Fe@NaOH-HBC, 40.3%:59.7% for Fe@NaOH-MBC, and 23.2%:76.8% for
Fe@NaOH-SBC. By comparing the Fe(II) /Fe(IIl) ratios across the three alkali-Fe-modified
carbon materials, we observed that different biochar feedstocks significantly influence the
oxidation states distribution.

3.1.5. XRD Analysis

To further determine the chemical compositions of the six types of biochar in this study,
Figure 5a—c show the XRD patterns of SBC and Fe@NaOH-SBC, HBC and Fe@NaOH-HBC,
and MBC and Fe@NaOH-MBC.
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Figure 5. The XRD spectra of (a) SBC and Fe@NaOH-SBC, (b) HBC and Fe@NaOH-HBC, and (c¢) MBC
and Fe@NaOH-MBC.

The XRD patterns of SBC, HBC, and MBC all exhibited a broad diffraction peak near
25°, which can be attributed to the microcrystalline structures and disordered graphitic
layers formed during the biomass pyrolysis, confirming the presence of amorphous car-
bon [54-56]. Additional peaks observed at 26.55°, 50.29°, 14.80°, 30.16°, and 20.95° in SBC,

https://doi.org/10.3390/su18010373


https://doi.org/10.3390/su18010373

Sustainability 2026, 18, 373

11 of 25

HBC, and Fe@NaOH-HBC were identified as characteristic of silicon oxide (SiO), likely
originating from endogenous mineral components in the ginger stalks and Sichuan pepper
branches that remained in the biochar as ash [57]. Moreover, peaks detected in SBC at
28.33° and 40.54° were assigned to KCl, while those appearing in HBC, Fe@NaOH-HBC,
and Fe@NaOH-MBC at 24.05° and 36.00° corresponded to the (012) and (110) crystal planes
of CaCO3, based on a comparison with the XRD standard card (PDF#05-0586). These crys-
talline phases are attributed to ash-derived minerals naturally present in the raw biomass.

Unlike raw biochar, the XRD patterns of the alkali-Fe-modified biochars (Fe@NaOH-
SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC) show weakened or even absent diffraction
peaks of amorphous carbon, which are replaced by multiple sharp peaks corresponding
to Fe304, a-FeOOH, and a-FepO3;. Fe@NaOH-SBC exhibits characteristic FesO4 peaks
at 31.57°, 45.4°, and 56.45° (JCPDS card: No. 19-0629) [58]; Fe@NaOH-MBC exhibits
characteristic FesO4 peaks at 31.88°, 35.65°, 45.56°, and 56.47°, along with o-FeOOH
peaks at 33.21° and 53.95° (JCPDS Card: No. 29-0713) [59]; Fe@NaOH-HBC exhibits
characteristic peaks for Fe3O4 at 32.9°, 34.5°, 45.3°, and 56.37°, and for «-FeOOH at 21.2°,
33.0°, 36.6°, and 53.35°. Alkali-Fe modification successfully loaded crystalline iron oxides
(Fe304, x-FeOOH) onto three types of biochar. However, the use of different biochar
feedstocks resulted in distinct final iron phase compositions: Fe@NaOH-SBC primarily
loaded Fe3O4, while Fe@NaOH-HBC and Fe@NaOH-MBC formed composite phases of
Fe304 and x-FeOOH.

3.2. Adsorption of Cd(1I) from Aqueous Solution
3.2.1. Adsorption Kinetics

The pseudo-first-order Equation (51) and pseudo-second-order Equation (S2) kinetic
models were applied to fit the experimental adsorption data. The temporal adsorption
behavior of Cd(II) on SBC, NaOH-SBC, Fe@NaOH-SBC, HBC, NaOH-HBC, Fe@NaOH-
HBC, MBC, NaOH-MBC, and Fe@NaOH-MBC is illustrated in Figure 6a—i, while the
corresponding fitting parameters for each kinetic model are summarized in Tables 3-5.

50

@ s 100{ ) __-®m 1501 e sz z===%T
4 R R L gt xS g"
40 ] & 120
80 h 1
~ 304
@3] 4 el T 29 ¢
2] ) & el T
E o 40 4 E . .
=104 T O SBC ‘-:_20 bt © NaOH-SBC 230 * ©  Fe@NaOH-SBC
] - = Pseudo-first-order = 1 — — Pseudo-first-order = ! - — Pseudo-first-order
0{ o - - Pseudo-second-order 0 ¢ - = Pseudo-sccond-order 09 ¢ - = Pseudo-sccond-order
0 400 800 1200 1600 0 400 800 1200 1600 0 400 800 1200 1600
t (min) t (min) t (min)
151 @ 804 @ )
Y- 3 -®oo=s===z=% 120 - SIS ¥
n| gFefosso====t 0 f‘r‘— r
90 !
—_~ —_ 1
209 % L0 = ) ’f’
2 6] g 4091 ? 60 o
- 3] $ o HBC 20 + © NaOH-HBC ~L304 ! ©  Fe@NaOH-HBC
< 1 ~ = Pseudo-first-order & hd - = Pseudo-first-order = + — — Ppseudo-first-order
04 ¢ — = Pseudo-second-order 0 6 — = Pseudo-second-order 0 & - = Pseudo-second-order
0 400 800 1200 1600 0 400 800 1200 1600 0 400 800 1200 1600
t (min) t (min) t (min)
100
15{® ) o ——m— - — — @ s-®----—--:=%
§§—§-:§::::::::.§ 80 g:r’**a 77777777 = 120 :‘
< —~el ¥ 071 4
L0 94 oh ® +
23 ) & T 601
£ 6 3 g 40 1 ED f
N
=3 o MBC ;..20 + © NaOH-MBC <0 4 0 Fe@NaOH-HBC
! — — Pseudo-first-order * — = Pseudo-first-order T ° N — — Pseudo-first-order
04 ¢ — — Pseudo-second-order 04 ¢ = = Pseudo-second-order — — Pseudo-second-order
0 400 800 1200 1600 0 400 800 1200 1600 0 400 800 1200 1600
t (min) t (min) t (min)

Figure 6. The pseudo-first-order and pseudo-second-order models of (a) SBC, (b) NaOH-SBC,
(c) Fe@NaOH-SBC, (d) HBC, (e) NaOH-HBC, (f) Fe@NaOH-HBC, (g) MBC, (h) NaOH-MBC, and
(i) Fe@NaOH-MBC for Cd(II) adsorption (contact time: 0-24 h; temperature: 25 °C; initial concentra-
tion: 50, 100, or 150 mg/L).
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Table 3. Fitting pseudo-second-order (PSO) and pseudo-first-order (PFO) kinetic models for SBC,
NaOH-SBC, and Fe@NaOH-SBC for Cd(II) adsorption.

Model Parameter SBC NaOH-SBC Fe@sl\]I;1COH-

Pseudo-first-order geexp (mg/g) 43.8 98.8 145.0

ge,cal (mg/g) 40.515 91.507 138.576
K; (1/min) 0.040 0.070 0.128

R? 0.9709 0.9521 0.9642

Pseudo-second-order  ge,cal (mg/g) 43.004 96.661 143.880
K; (g/mg-min) 0.001 0.001 0.002

R? 0.9901 0.9863 0.9914

Table 4. Fitting pseudo-second-order (PSO) and pseudo-first-order (PFO) kinetic models for HBC,
NaOH-HBC, and Fe@NaOH-HBC for Cd(II) adsorption.

Model Parameter HBC NaOH-HBC Fe@NaOH-
HBC
Pseudo-first-order geexp (mg/g) 134 78.3 120
qe,cal (mg/g) 12.504 72.364 116.243
K1 (1/min) 0.161 0.853 0.121
R? 0.9333 0.9674 0.9827
Pseudo-second-order  qe,cal (mg/g) 12.946 77.089 121.821
K; (g/mg-min) 0.022 0.002 0.002
R? 0.9760 0.9903 0.9973

Table 5. Fitting pseudo-second-order (PSO) and pseudo-first-order (PFO) kinetic models for MBC,
NaOH-MBC, and Fe@NaOH-MBC for Cd(II) adsorption.

Model Parameter MBC NaOH-MBC Fe@NaOH-
MBC
Pseudo-first-order geexp (mg/g) 14.7 87.1 124.0
ge,cal (mg/g) 13.532 81.747 118.603
Kj (1/min) 0.157 0.076 0.116
R? 0.9203 0.9737 0.9718
Pseudo-second-order  qe,cal (mg/g) 14.047 87.040 124.787
K; (g/mg-min) 0.019 0.001 0.001
R? 0.9691 0.9937 0.9959

Figure 6a—i show the removal efficiency of Cd(II) by the nine types of biochar over a

24 h period. The adsorption process exhibited a rapid initial phase, followed by a gradual
approach to equilibrium. This behavior can be attributed to the high availability of surface
adsorption sites and the elevated Cd(Il) concentration at the beginning of the reaction,
which facilitated a rapid adsorption rate. As the active sites became progressively occupied
and the Cd(II) concentration decreased, the diffusion of Cd(II) ions into the interior pores
of the biochar became the rate-limiting step, resulting in a pronounced reduction in the
overall adsorption rate.

Based on the parameter fitting results in Tables 3-5, both pseudo-first-order and
pseudo-second-order kinetic models can adequately fit the Cd(II) removal of alkali—Fe-
modified carbons (Fe@NaOH-SBC, Fe@NaOH-MBC, Fe@NaOH-HBC), NaOH-modified
carbons (NaOH-SBC, NaOH-MBC, NaOH-HBC), and native carbons (SBC, MBC, HBC)
for Cd(II). The R? values for both kinetic models exceed 0.9. Comparison reveals that
the correlation coefficient (R?) for the pseudo-second-order model consistently surpasses
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that of the pseudo-first-order model. Furthermore, the calculated adsorption capacity

(qe,cal) from the pseudo-second-order model more closely approximates the experimental

adsorption value (qe,exp). Therefore, we conclude that the pseudo-second-order kinetic

model provides a more accurate fit for the Cd(II) adsorption process.

Furthermore, comparing Tables 3-5 (qe,exp represents the equilibrium adsorption

capacity obtained during experiments) reveals that the equilibrium adsorption capacity

has the following order: alkali-Fe-modified carbon > NaOH-modified carbon > original

carbon. This demonstrates that alkali-Fe composite modification exhibits significant advan-

tages in adsorption capacity. The synergistic effect between iron oxide loading and alkali

modification not only shifts the adsorption process toward chemical dominance but also

fundamentally enhances the adsorption performance of biochar materials.

3.2.2. Adsorption Isotherms

To further elucidate the adsorption equilibrium characteristics, performance, and
underlying mechanisms of Cd(II) adsorption on SBC, NaOH-SBC, Fe@NaOH-SBC, HBC,
NaOH-HBC, Fe@NaOH-HBC, MBC, NaOH-MBC, and Fe@NaOH-MBC, the experimental
data were fitted using the Langmuir (Equation (53)) and the Freundlich (Equation (54))

adsorption isotherm equations. The corresponding fitted curves for the two models are

presented in Figure 7a—i, and the model parameters, along with their correlation coefficients

(R?), are summarized in Tables 6-8.
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Figure 7. The Freundlich and Langmuir models of (a) SBC, (b) NaOH-SBC, (c) Fe@NaOH-SBC,
(d) HBC, (e) NaOH-HBC, (f) Fe@NaOH-HBC, (g) MBC, (h) NaOH-MBC, and (i) Fe@NaOH-MBC for
Cd(II) adsorption (contact time: 0-24 h, temperature: 25 °C, initial concentrations: 0.5-400 mg/L).

Table 6. Kinetic characteristics of the Freundlich and Langmuir models for SBC, NaOH-SBC, and
Fe@NaOH-SBC during Cd(II) adsorption.

Model Parameter SBC NaOH-SBC Fe@NaOH-SBC
Jmax (Mg/g) 48.05 88.46 133.91
Langmuir K (L/mg) 0.107 0.131 0.116
R? 0.996 0.988 0.986
Kr (L/mg) 11.449 20.774 38.630
Freundlich 1/n 0.264 0.274 0.250
R2 0.884 0.887 0.817
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Table 7. Kinetic characteristics of the Freundlich and Langmuir models for HBC, NaOH-HBC, and
Fe@NaOH-HBC during Cd(II) adsorption.

Model Parameter HBC NaOH-HBC Fe@NaOH-HBC
Qmax (Mg/g) 12.77 75.67 115.97
Langmuir Kp (L/mg) 0.306 0.061 0.208
R? 0.986 0.993 0.996
Kr (L/mg) 4223 15.450 32.405
Freundlich 1/n 0.212 0.287 0.250
R2 0.924 0.928 0.903

Table 8. Kinetic characteristics of the Freundlich and Langmuir models for MBC, NaOH-MBC, and
Fe@NaOH-MBC during Cd(II) adsorption.

Model Parameter MBC NaOH-MBC Fe@NaOH-MBC
Jmax (Mg/g) 14.44 84.66 123.85
Langmuir Kp (L/mg) 0.145 0.084 0.158
R? 0.981 0.990 0.990
Kr (L/mg) 4.147 17.631 30.487
Freundlich 1/n 0.232 0.290 0.272
R? 0.940 0.900 0.889

Figure 7a—-i show that the adsorption capacity of all nine types of biochar for Cd(II)
exhibited a rapid increasing trend with rising initial Cd** concentrations, demonstrating
high adsorption rates under these conditions. At low initial concentrations, all heavy
metal ions in the solution can react with the active sites and functional groups on the
biochar. However, as the initial concentration continues to increase, the number of available
active sites and functional groups on the biochar surface gradually decreases until they are
completely utilized.

Tables 68 show that both the Langmuir and the Freundlich equations can adequately
fit the adsorption data of the nine types of biochar. Comparing the two models, the
Langmuir model consistently exhibits a higher R? value, indicating that the Langmuir
model better describes the adsorption process. This suggests that the adsorption of Cd** by
SBC, NaOH-SBC, Fe@NaOH-SBC, MBC, NaOH-MBC, Fe@NaOH-MBC, HBC, NaOH-HBC,
and Fe@NaOH-HBC all follow a monolayer adsorption mechanism [60]. By comparing
the Langmuir model qmax parameters of the nine carbon materials, we observe that
alkali-Fe-modified carbons (Fe@NaOH-SBC, Fe@NaOH-MBC, Fe@NaOH-HBC) > NaOH-
modified carbons (NaOH-5BC, NaOH-MBC, NaOH-HBC) > pristine carbons (SBC, MBC,
HBC), indicating that composite modification with NaOH and FeCl;-6H,O significantly
increases the number of adsorption sites on the biochar surface, thereby greatly enhancing
its maximum Cd?* adsorption capacity. Furthermore, a synergistic effect exists between
iron oxide loading and alkali modification, yielding superior results compared with alkali
modification alone.

Meanwhile, the Freundlich model also exhibited satisfactory fitting for the Cd(II)
isothermal adsorption data for all nine biochars, with correlation coefficients (R?) exceeding
0.8. According to literature reports, the parameter 1/n in the Freundlich model reflects both
the adsorption intensity and the surface heterogeneity of the adsorbent. When 0.1 <1/n <1,
the adsorption process is considered favorable and easily accessible. Table 4 shows that all
nine biochars displayed active and efficient heavy metal adsorption performance, confirm-
ing the high effectiveness of the materials developed in this study and highlighting their
promising potential for pollutant removal in aqueous systems.
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3.2.3. Adsorption Thermodynamics

Environmental temperature is a critical factor that influences the adsorption behavior
of biochar. In this study, thermodynamic adsorption experiments were conducted at three
temperatures (298, 308, and 318 K) to investigate the adsorption of Cd(II) on Fe@NaOH-
SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC. Thermodynamic parameters were analyzed
by plotting In K (where K = qe/Ce) against 1/T (Figure 8). The enthalpy change (AH®) and
entropy change (AS°) were obtained from the slope and intercept of the linear regression,
respectively, while the Gibbs free energy change (AG®) was calculated using Equations (S5)
and (S6). The corresponding thermodynamic parameters are summarized in Table 9.
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Figure 8. Influence of different temperatures on Cd(II) adsorption.

Table 9. Thermodynamic fitting parameters of Cd(II) adsorption by Fe@NaOH-SBC, Fe@NaOH-HBC,
and Fe@NaOH-MBC.

T Parameter Fe-SBC Fe-HBC Fe-MBC
208 In K (L/mol) 0.944 0.405 0.708
AG°® (k] /mol) —2.34 —1.005 —1.755
308 In K (L/mol) 1.516 0.731 1.153
AG°® (k] /mol) —3.883 —1.872 —2.952
318 In K (L/mol) 2.143 0.969 1.386
AG® (k] /mol) —5.665 —2.563 —3.665
AS° (kJ-(mol/K)) 0.166 0.078 0.096
298-318 AH® (k] /mol) 47.193 22.248 26.790
R? 0.998 0.995 0.975

The figure illustrates the adsorption capacity and efficiency of Fe@NaOH-SBC,
Fe@NaOH-HBC, and Fe@NaOH-MBC at different temperatures. As the temperature
increased from 298 to 318, the Cd(II) adsorption capacities of all three biochars showed a
noticeable increase.

To further evaluate the effect of temperature on Cd(Il) adsorption, the thermodynamic
parameters—Gibbs free energy change (AG®), enthalpy change (AH®), and entropy change
(AS°)—tor Cd(II) adsorption on Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC
were calculated based on thermodynamic principles (Table 9). The calculated AG® values
were negative over the entire temperature range investigated, indicating that the adsorption
process is thermodynamically favorable under standard-state conditions [61,62]. Moreover,
AG® became more negative with increasing temperature (e.g., from —2.34 to —5.67 kJ-mol !
for Fe-SBC as the temperature increased from 298 to 318 K), demonstrating an enhanced
thermodynamic driving force at elevated temperatures [63]. This trend can be understood
through the fundamental relationship AG® = AH® — TAS°. All AH® values are positive
(22.25-47.19 kJ /mol), indicating that the adsorption process is dominated by endothermic
chemical interactions [64], such as the coordination between Cd(II) and Fe-O/OH groups
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on the biochar surface, ion exchange, or precipitation [65]. Among these, Fe@NaOH-HBC
exhibits the highest AH® (47.19 kJ/mol), consistent with literature reports stating that
highly efficient iron-based materials require overcoming higher energy barriers in chemical
reactions [66]. This may stem from the higher-energy adsorption sites generated by the
synergistic modification of NaOH and Fe [67]. This synergistic modification mechanism
has been demonstrated in related studies to effectively introduce abundant surface ferric-
oxy functional groups, thereby significantly enhancing the chemical adsorption capacity
for heavy metals. Furthermore, AS° > 0 is a common thermodynamic feature in Cd(II)
adsorption. The relatively low entropy values shown in Table 9 indicate that this process
maintains the relative regularity of Cd(Il) on the polymer surface [63].

3.3. Remediation of Cd(1I) in Soil
3.3.1. Effects of Alkali-Fe-Modified Biochar Application on Soil pH, SOM, and CEC

The treatment groups in the soil pH, SOM, and CEC studies all utilized alkali—Fe-
modified carbon (Fe@NaOH-SBC, Fe@NaOH-HBC, Fe@NaOH-MBC) added to the soil at
different rates (1%, 3%, 5%). CK represents the soil control group without carbon addition.

Soil pH is a critical factor influencing the binding forms of heavy metals. An increase in
pH can alter the surface activity of solid-phase substances in soil and enhance electrostatic
attraction to heavy metal ions, thereby reducing their mobility and bioavailability [68].
Moreover, soil pH strongly affects the speciation, transport, and transformation of heavy
metals [69]. The effects of different Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-
MBC treatments on the soil pH are presented in Figure 9a—c. Compared with CK, adding
alkaline-iron-modified carbon at different doses to soil resulted in increased pH values,
with the magnitude of pH increase positively correlated with the dose. Combined with
the aforementioned XPS and XRD characterization results, the pH increase stems from the
combined effects of the hydrolysis of alkaline substances introduced by NaOH modification
and the deprotonation reactions of abundant oxygen-containing functional groups (e.g.,
-COOH, -OH) on the modified biochar surface within the soil environment. This signifi-
cantly enhances the electrostatic adsorption capacity of the entire system toward positively
charged Cd?* ions. In addition, Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC
are inherently alkaline materials. When incorporated into the soil, their alkaline compo-
nents are gradually released, neutralizing the soil acidity and consequently raising the
pH [70]. The elevation in soil pH promotes the formation of precipitates such as hydroxides
and carbonates, which enhance the stability of heavy metals. Therefore, applying these
biochars to acidic soils not only mitigates soil acidity but also reduces Cd(Il) mobility and
bioavailability through pH-induced immobilization mechanisms [71].

SOM interferes with heavy metal incorporation into soil, reducing the heavy metal
bioavailability and toxicity [72]. Figure 9d—f show that the applications of 1%, 3%, and
5% Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC significantly increased the soil
SOM content. This is primarily because biochar itself consists of highly aromatic sta-
ble carbon, and its application directly enriches the soil’s inert organic carbon pool [73].
Adding biochar to soil markedly increases the SOM content due to its high carbon content,
consistent with the findings of this study.

Figure 9g-i show that the applications of 1%, 3%, and 5% Fe@NaOH-SBC, Fe@NaOH-
HBC, and Fe@NaOH-MBC significantly increased the soil CEC content. This is attributed
to biochar’s inherent richness in stable organic carbon, whose addition directly elevated the
SOM. The core component of SOM—humic substances—carries abundant negative charges
on its surface. Concurrently, Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC pos-
sess rich functional groups (e.g., carboxyl groups -COO™). These negative charges serve as
key sites for adsorbing and retaining cationic nutrients (e.g., K*, NH4*, Ca2+). Consequently,
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increased SOM leads to an enhanced soil cation exchange capacity (CEC). This elevated
CEC strengthens the soil’s ability to immobilize Cd?* through ion exchange mechanisms.
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Figure 9. Effects of Fe@NaOH-SBC (a,d,g), Fe@NaOH-HBC (b,e,h), and Fe@NaOH-MBC (c,f,i) at
different application rates on soil pH, SOM, and CEC (1%, 3%, 5%: alkaline-iron-modified biochar
addition levels).

3.3.2. Effect of Applying Alkali-Fe-Modified Biochar on the Bioavailability of Heavy
Metals in Soil

The available cadmium content in soil reflects its mobility and transformation potential
and serves as the primary source of Cd(II) uptake by plants. The DTPA-TEA extraction
method was used to determine the available Cd(Il) content, providing an effective indicator
of Cd(Il) bioavailability in soil.

As shown in Figure 10, compared with the control group, the addition of the iron-
modified biochar significantly reduced the available Cd(II) content after a 30-day incubation
period. The reduction effect was dose-dependent: at a lower application rate (1%), the
available Cd(II) content decreased by 13.34-16.97%, whereas at higher rates (3-5%), the
reduction increased to 18.38-33.94%. These results clearly demonstrate that the available
Cd(II) concentration declined progressively with increasing biochar dosage.

" 6

= [_]Fe@NaOH-SBC

2sd 111 [ JFe@NaOH-HBC

e IR [ ]Fe@NaOH-MBC

S H

= 4 =3 5

g T &

g 53

o 34

=

=3

<

= -

32

=2

s 1

=

>

<0 T T T T
CK 1% 3% 5%

Treatments

Figure 10. Shows the available Cd(I) content in soil after treatment with Fe@NaOH-SBC, Fe@NaOH-
HBC, and Fe@NaOH-MBC at different addition rates (1%, 3%, 5%).
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The applications of Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC effectively
reduced the bioavailability of heavy metals in soil. This can be attributed to the abundant
oxygen-containing functional groups on the biochar surfaces [74], which interact with
Cd(II) to form stable organo-metallic complexes, thereby decreasing Cd(II) bioavailabil-
ity [75]. In addition, the incorporation of these biochar-modified soil physicochemical
properties—particularly by increasing pH and EC—promotes cadmium precipitation and
enhances its adsorption onto biochar surfaces, ultimately reducing the Cd(II) mobility in
the soil environment [76].

A negative correlation was observed between the soil pH/EC and available Cd(II)
content. Soil pH plays a critical role in controlling heavy metal speciation: higher pH
enhances the surface activity of solid-phase components and strengthens electrostatic
attraction toward heavy metal ions, thereby decreasing their mobility. The three biochars
used in this study are inherently alkaline and contain substantial amounts of ash and
organic matter. Their incorporation effectively elevated soil pH and significantly reduced
the available Cd(Il) content, highlighting their strong potential for immobilizing heavy
metals in contaminated soils.

3.3.3. Effects of Alkali-Fe-Modified Biochar on the Distribution of Heavy Metal Speciation
in Soil

Previous research has demonstrated that the biotoxicity and bioaccumulation po-
tential of heavy metals in organisms are determined by their chemical speciation and
bioavailability rather than by their total concentrations alone [77]. Therefore, in addition to
analyzing the available Cd(Il) fraction, this study employed the Tessier sequential extrac-
tion procedure to investigate the detailed distribution of cadmium (Cd) chemical species.
The concentrations of Cd(II) species in soils treated with different application rates of
Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC are presented in Figure 11.
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Figure 11. Shows the distribution of heavy metal speciation in soils treated with Fe@NaOH-SBC,
Fe@NaOH-HBC, and Fe@NaOH-MBC at different additive concentrations. Labeled treatment groups:
CK and 1-9 correspond to the cadmium-containing clay control group without carbon addition (CK)
and those treated with Fe@NaOH-SBC at 1% (1), 3% (2), and 5% (3); Fe@NaOH-HBC at 1% (4), 3% (5),
and 5% (6); and Fe@NaOH-MBC at 1% (7), 3% (8), and 5% (9).

The Tessier method [26], which is widely applied for heavy metal speciation analysis in
soils, classifies metals into five operationally defined fractions according to their bioactivity:
exchangeable (F1), carbonate-bound (F2), Fe-Mn-oxide-bound (F3), organic-matter-bound
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(F4), and residual (F5). As shown in Figure 11, in the untreated soil, Cd(II) was primarily
present in the exchangeable fraction (F1), accounting for 74.882% of the total. After a
30-day incubation period, the proportion of F1 decreased to between 31.384% and 66.913%
across all treatment groups. Concurrently, the proportion of F2 increased from 13.283% to
16.353-38.105%, F3 increased from 10.792% to 12.200-26.008%, F4 increased from 0.332% to
0.723-1.128%, and F5 increased from 0.710% to 1.077-5.458%.

The reduction in the exchangeable fraction (F1) can be attributed to the alkaline
properties of Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC, which increased the
concentrations of OH™~ and CO32~ in the soil, thereby promoting the formation of insoluble
Cd(II) hydroxides and carbonates [78]. The increase in the carbonate-bound fraction (F2),
which is highly sensitive to soil pH, corresponded with the observed rise in the pH. The
increases in the organic-matter-bound (F4) and residual (F5) fractions were associated
with the abundant surface functional groups of the biochar and the precipitation of Cd(Il)
with CO32~ and other anions [79]. Furthermore, mineral components within the biochar
facilitated the transformation of Cd(Il) into more stable residual forms through adsorption,
complexation, and precipitation processes [80]. The residual fraction represents the most
stable form of heavy metals, exhibiting minimal bioavailability and posing a low risk for
plant uptake. Notably, beyond the pH-driven precipitation and adsorption mechanisms
described above, the Cd immobilization effect of iron-modified biochar is likely closely
linked to the soil iron redox cycle it triggers. Recent studies indicate that iron-modified
biochar (e.g., modified with Fe(NO3)3 or Fe;(5O4)3) can function as an electron shuttle,
significantly promoting the reduction in Fe(IIl) and the reoxidation of Fe(Il) in soil [81].
This dynamic iron cycle offers multiple environmental benefits: First, the reoxidation of
Fe(II) generates abundant, highly reactive amorphous iron oxides (e.g., goethite) with
large specific surface areas. These provide abundant specific adsorption sites for Cd, sig-
nificantly promoting its conversion to iron-manganese-oxide-bound Cd (F3) [82]. This
finding strongly correlates with the observed substantial increase in the proportion of F3
(Fe-Mn-oxide-bound) in this study. Second, the iron-cycling process itself can drive the co-
precipitation or mineral-phase encapsulation of coexisting heavy metals, further enhancing
their long-term stability. Therefore, the Cd stabilization achieved by iron-modified biochar
in this study results from the combined effects of “pH-induced precipitation/adsorption”
and “iron redox cycling-mediated specific adsorption and mineral transformation”.

Overall, the increase in soil pH was identified as the primary mechanism driving the
transformation of Cd(II) species [83]. Compared with the control, all application rates of
Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC effectively promoted the conversion
of the labile F1 fraction into the more stable and less bioavailable fractions (F2, F3, F4, and
F5). The conversion efficiency increased significantly with higher biochar application
rates. These findings confirm that the biochar developed in this study is highly effective at
immobilizing Cd(Il) in contaminated soils.

3.3.4. Effects of Alkali-Fe-Modified Biochar on the Spinach Seed Germination Experiment

We conducted germination experiments by adding spinach seeds to soil that had been
passivated for 30 days. The results are shown in Table 10. Compared with healthy soil,
the cadmium-contaminated control (CK) caused a significant delay in germination time
to day 9 and a sharp drop in the emergence rate to 40%, confirming the strong inhibition
of seed physiological processes by high concentrations of available cadmium. All biochar
treatments alleviated this toxicity to varying degrees, exhibiting a dose-dependent pattern
of initial improvement followed by diminishing returns. Notably, the remediation effect
peaked at the 3% addition rate rather than 5%. For instance, at a 3% Fe@NaOH-SBC
addition, the emergence rate (80%) and germination time (day 5) approached healthy soil
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levels; however, increasing the addition to 5% reduced the emergence to 50% and delayed
germination to day 10.

Table 10. Spinach seed germination experiment after treating cadmium-contaminated soil with
Fe@NaOH-SBC, Fe@NaOH-HBC, and Fe@NaOH-MBC at different addition levels (1%, 3%, 5%).

Treatments Germination Time Emergence Rate
Healthy soil Day 5 90%
Cd-contaminated soil Day 9 40%
Fe@NaOH-SBC 1% Day 9 45%
Fe@NaOH-SBC 3% Day 5 80%
Fe@NaOH-SBC 5% Day 10 50%
Fe@NaOH-HBC 1% Day 8 45%
Fe@NaOH-HBC 3% Day 6 75%
Fe@NaOH-HBC 5% Day 7 60%
Fe@NaOH-MBC 1% Day 9 45%
Fe@NaOH-MBC 3% Day 6 75%
Fe@NaOH-MBC 5% Day 7 55%

4. Conclusions

In this study, three types of alkali-iron composite-modified biochar were success-
fully prepared and systematically evaluated, confirming their potential as highly efficient,
multifunctional remediation materials with outstanding application prospects in both
cadmium-contaminated water bodies and soil environments. Through comprehensive
cross-medium (water-soil-plant) validation, this study elucidated the microscopic mecha-
nisms underlying its high-efficiency remediation and revealed the macroscopic principle
of “moderate remediation” in practical soil applications. This provides crucial theoretical
foundations and technical solutions for the precise and safe remediation of cadmium-
contaminated environments.

Through composite modification with NaOH and FeCl3-6H,0O, an iron oxide
(Fe304/ x-FeOOH) carrier material was successfully developed, featuring a high specific
surface area, abundant pore structure, and numerous surface functional groups. Batch
adsorption experiments confirmed that the adsorption process is primarily governed by
chemical adsorption mechanisms, including surface ion exchange and complexation with
iron oxides and oxygen-containing functional groups. After 30 days of application to
cadmium-contaminated soil, the composites significantly increased the soil pH, organic
matter content, and cation exchange capacity. These changes collectively promoted the
transformation of cadmium from highly bioavailable exchangeable forms to more stable
species, markedly reducing the available cadmium levels. Spinach seed germination tests
further validated the remediation efficacy from a biological perspective. The results indicate
that a 3% addition adjusted the soil pH to the near-neutral optimal range, achieving an
optimal plant response, whereas a 5% addition risked alkaline stress due to excessive pH
elevation. This clearly established the practical principle of “moderate neutralization.”

Alkali-iron-modified carbon demonstrates integrated “water—soil” application poten-
tial, ranging from the purification of contaminated water to the safe remediation of polluted
soils. Through synergistic mechanisms—including pH elevation, increased SOM, and
enhanced CEC—it efficiently stabilizes cadmium in soil and ultimately ensures safe plant
germination by reducing its bioavailability. This study recommends a 3% Fe@NaOH-SBC
addition rate as the optimal remediation strategy for this contaminated soil condition.

Based on the above properties, this material exhibits clear application potential. It can
be used as a soil conditioner for the remediation of mildly to moderately Cd-contaminated
acidic farmland (recommended application rate: 3%) to ensure the safe production of
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leafy vegetables. In addition, it can serve as an adsorbent matrix for the treatment of
low-concentration Cd-containing agricultural wastewater (e.g., <50 mg L~1!), enabling
advanced purification.

However, this study has certain limitations, and the practical effectiveness of the
material still requires further validation in future work. The remediation performance was
evaluated only under a specific soil type (purple soil) and a single contamination level
(6 mg kg1), and thus the material’s universality across different soil environments and
pollution gradients remains to be assessed. The adsorption experiments were primarily
carried out in a single-solute Cd(Il) system. Preliminary competitive adsorption tests
suggest that coexisting ions (e.g., Ca?*, Mg?*, Pb?*) may decrease Cd fixation efficiency due
to competition for adsorption sites. The long-term stability of the remediation effect (e.g.,
under leaching and aging processes) and the economic feasibility of field-scale applications
have not yet been systematically investigated.

Therefore, future research will focus on the following directions: Systematically
evaluating and enhancing the selective adsorption performance of the material in multi-
ion coexistence systems and real environmental media (e.g., contaminated water bodies,
soil leachates); assessing the long-term environmental stability of immobilized cadmium
through extended leaching and aging experiments; conducting a full-chain cost-benefit
analysis to provide economic and feasibility evidence for the engineering-scale application
of this technology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18010373/s1.
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