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ARTICLE INFO ABSTRACT

Keywords: The removal of cadmium (Cd) from aqueous solutions has become a global research hotspot due to its adverse
Phosphorus modification effects on human health and the ecosystem. In this study, three phosphorus-enriched biochars (PBC-1, PBC-2,
Biochar and PBC-3) were produced from Tamarix chinensis using KH2POa, K2HPO4-3H20, and KsPOa4-3H20 as phosphate
;Iszgpgl:;als precursors, respectively. Among the synthesized materials, PBC-3 exhibited the highest Cd** removal efficiency.

The adsorption of Cd** onto PBC-3 was governed by chemisorption and was well described by the pseudo-second-
order kinetic model (R®> > 0.99 and the lowest y?). At ambient temperature, PBC-3 achieved a theoretical
maximum adsorption capacity of 206.94 mg-g™' based on the Langmuir isotherm model (R*> > 0.98 and the
lowest y?). Additionally, the phosphorus concentration in the solution at equilibrium was found to be close to
zero. PBC-3 exhibited excellent adsorption performance over a relatively wide pH range (2-8). Mechanistic
investigations revealed that phosphate functional groups played a dominant role in Cd immobilization, with
mineral precipitation and ion exchange accounting for 52.92 % and 42.80 % of the adsorption, respectively.
Correlation analysis revealed that higher H/C, O/C, and (N+0)/C ratios, as well as increased specific surface
area, were positively associated with Cd* uptake. This study demonstrated the advantages of KsPOa-3H20-
modified biochar in enhancing metal-binding capacity, highlighting its potential for the efficient treatment of Cd-
contaminated aqueous solutions.

Aqueous solutions treatment

bioremediation—have been employed to address the challenge of heavy
metal-contaminated wastewater (Fu et al., 2023). Among these ap-

1. Introduction

Cadmium (Cd) is among the most hazardous heavy metals in in-
dustrial wastewater due to its high toxicity, strong mobility, and
persistence in aquatic environments (Alzahrani et al., 2022; Chen et al.,
2021). Once released, Cd accumulates in biota and transfers through the
food chain, posing severe risks to ecosystems and human health (Koju
et al., 2018). Cadmium accumulates in animals and plants over time,
thereby affecting their growth and development (Chen et al., 2019). In
addition, Long-term exposure to cadmium can lead to kidney damage,
bone mineral loss, and an increased risk of cancer (Jarup and f\kesson,
2009). Therefore, developing efficient, cost-effective, and environmen-
tally friendly methods for Cd removal is crucial.

At present, a range of treatment methods—including chemical pre-
cipitation, electrochemical approaches, membrane filtration, and

* Corresponding authors.

proaches, adsorption has been widely applied for heavy metal removal
due to its operational simplicity, relatively low cost, and high treatment
efficiency (Saka et al., 2024). The adsorption process has been classified
as a surface technique, suggesting that the adsorbent material plays a
major role in its success (Aryee et al., 2021). In this context, biochar is a
carbon-rich material produced via the pyrolysis of biomass under
oxygen-limited conditions (Elhamdy, 2025). Compared to other adsor-
bent materials, biochar has the outstanding advantage of being derived
from abundant, renewable raw materials. Waste materials can be used as
raw materials to produce biochar, enabling rational, high-value utili-
zation and achieving both economic and environmental benefits
(Abdelhafez and Li, 2016; Oliveira et al., 2017). Previous studies have
demonstrated that biochar can immobilize heavy metals through
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Scheme 1. Schematic diagram of the experimental workflow, including biochar preparation, physicochemical characterization, Cd (II) adsorption experiments, and

mechanistic analysis.

multiple mechanisms, including cation exchange, surface complexation
with oxygen-containing functional groups (Huangmee et al., 2024), and
mineral precipitation (Zhang et al., 2021). In recent years, biochar
derived from materials such as straw (Li et al., 2023), bamboo (Vu Thi,
2026), and sawdust (Pan et al., 2025) has been widely used to prevent
and remediate Cd contamination in water. However, the practical
application of raw biochar is hindered by its low adsorption capacity and
environmental sensitivity (e.g., to pH and ionic strength). These limi-
tations necessitate targeted modification strategies to enhance its
Cd-binding performance.

To overcome these shortcomings, various biochar modification
techniques—such as acid-base treatment (Cao et al., 2024; Shin et al.,
2020), metal loading (Liu et al., 2024), and elemental doping (Dung
et al.,, 2024)—have been extensively investigated to tailor biochar
physicochemical properties (Yang et al., 2025). Among these, elemental
doping using phosphorus-containing reagents has attracted considerable
attention due to its high efficiency (Di et al., 2025). Phosphate-modified
biochar prepared using precursors such as NaH2POa4 (Zhang et al., 2018),
KsPO4-3H20 (Wang et al., 2022), phytic acid, and sodium phytate (Di
et al., 2025), shows significantly enhanced adsorption capacity for Cd*
compared to raw biochar. This enhancement is generally attributed to
the introduction of phosphorus functional groups, which promote Cd
immobilization through surface complexation and Cd-P mineral pre-
cipitation. However, the effects of different phosphate modifications on
biochar structure, phosphorus speciation, and Cd adsorption behavior
have not been systematically compared. Furthermore, existing studies
mostly focus on adsorption performance, while quantitative analysis of
the relative contributions of various Cd removal mechanisms is often
lacking. These knowledge gaps hinder a deeper understanding of the
mechanisms of phosphate-enhanced cadmium adsorption and limit the
rational design of high-performance biochar.

Tamarix chinensis is a woody plant widely distributed in arid or semi-

arid regions of Asia, Europe, and North Africa, where it frequently
proliferates in wetland and riparian ecosystems (Yan et al., 2014). Due
to its strong adaptability and rapid spread, Tamarix species can
outcompete native vegetation and reduce local biodiversity, and are
therefore sometimes regarded as invasive or undesirable plants (Goetz
et al., 2024). Owing to its soft texture and small size, Tamarix wood has
limited value in conventional timber utilization. Notably, previous
studies have shown that biochars derived from woody biomass generally
exhibit greater structural stability and superior heavy-metal adsorption
capacity than those derived from herbaceous feedstocks (Tu et al.,
2022).

These characteristics suggest that Tamarix chinensis is a promising
and underutilized feedstock for producing functional biochar, enabling
both ecological management and value-added resource utilization.
However, research on heavy metal adsorption by Tamarix-derived bio-
char remains scarce, and comparative studies on Tamarix-derived bio-
char modified with different orthophosphates are still lacking.

In this study, biochar derived from Tamarix chinensis was modified
using three orthophosphate compounds (KH2POs, K-HPO.-3H20, and
KsPO.-3H:0) to develop efficient phosphate-modified biochars for Cd**
removal from aqueous solutions. The specific objectives were to: (1)
characterize the physicochemical properties of pristine biochar (BC) and
phosphate-modified biochars (PBC-1, PBC-2, and PBC-3); (2) compare
the effects of biochars prepared with different phosphate precursors on
Cd* adsorption performance and identify the optimal modification
strategy; (3) the relative contributions of different Cd adsorption
mechanisms were quantitatively evaluated, and the relationships be-
tween the physicochemical properties of biochar and Cd?** adsorption
capacity were elucidated.
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2. Materials and methods
2.1. Experimental framework

In this study, biochar was synthesized from Tamarix chinensis
biomass, including pristine biochar and biochars modified with various
phosphate salts (KH2POa, K2HPO4-3H20, and KsPOa4-3H20). The resulting
biochars were produced through pyrolysis and subjected to compre-
hensive physicochemical characterization. Their cadmium (Cd)
adsorption capacities were systematically evaluated under different
environmental conditions, including pH, initial Cd concentration, and
contact time. In addition, the mechanisms underlying Cd adsorption by
the different biochars were elucidated (Scheme 1).

2.2. Preparation and phosphorus modification of biochar

The biomass precursor for this study, tamarisk, was obtained from
the Taohuayu area in the middle-to-lower reaches of the Yellow River
basin. Upon collection, the plant material was thoroughly washed with
deionized water, air-dried at room temperature (25 °C), ground into a
fine powder, and then sieved through a 10-mesh screen. Three types of
orthophosphate salts (KH2POa, K2HPO4-3H50, K3PO4-3H20; AR, >99.5
%, Sinopharm Chemical Reagent Co., Ltd., China) were used to modify
the tamarisk biochar. These phosphate sources all belong to the same
series of potassium phosphate salts but differ in acidity and basicity,
yielding different phosphorus species (H2PO4", HPO4*, PO.*") during
pyrolysis. Phosphate can bind with cadmium ions to form precipitates,
thereby reducing cadmium contamination (Guo et al., 2024; Wang,
etal., 2025). Briefly, 10 g of ground tamarisk was mixed with 250 mL of
a 0.065 mol/L solution of each orthophosphate salt for modification.
The mixture was continuously stirred at ambient temperature for 24 h
using a magnetic stirrer. Following this step, it was oven-dried at 60 °C
and subsequently pyrolyzed in a nitrogen atmosphere (purity 99.99 %,
flow rate 200 mL/min). The thermal treatment was carried out in a
drawer-type furnace (THL-CTS-400x600, Henan Zhongxin Lantian
Environmental Protection Equipment Co., Ltd., China), heating at a rate
of 5 °C per minute until reaching 500 °C, where it was maintained for 2 h
before being allowed to cool naturally to room temperature, resulting in
the formation of biochar. Extensive research has shown that biochar
produced at 500 °C possesses superior cadmium (Cd) adsorption ca-
pacity compared to that obtained at other pyrolysis temperatures (Yu
et al., 2024). At this temperature, Tamarix chinensis biochar has a rela-
tively lower ash content and higher lignocellulosic fiber content than
that of other halophytic plants' biochar (Xiao et al., 2022).

The biochar prepared from raw tamarisk branches was named BC,
while the biochar obtained from KH2POs4, K>HPO4-3H20, and
KsPOa4-3H20 modified tamarisk branches was named PBC-1, PBC-2, and
PBC-3, respectively (Table S1). These samples were stored in air-tight
containers and placed in a sealed desiccator before their usage.

2.3. Basic characterization of biochar properties

One gram of biochar was mixed with 25 mL of deionized water
(1:2.5, w/v), and its pH and conductivity were measured using a MET-
TLER TOLEDO FE28-Standard pH meter and a Leici DDSJ-308F con-
ductivity meter (Li, et al., 2025; Namdari et al., 2024). The elemental
contents of C, H, O, and N in the biochar samples were analyzed using an
Elemental-UNICUBE elemental analyzer. The phosphorus content of
biochar was determined by first digesting the sample with
HF-HNOs-H202, followed by spectrophotometric analysis using the
molybdenum-antimony method (Zhang, et al., 2025). The surface area
and pore structure of the biochar were determined using a
MicrotracBEL-BELSORP MINIX surface area analyzer at 77 K for N
adsorption/desorption isotherms. The specific surface area of the bio-
char samples was determined using the Brunauer-Emmett-Teller (BET)
method. At the same time, the Barrett-Joyner-Halenda (BJH) technique
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was employed to evaluate pore characteristics, including total pore
volume, mean pore diameter, and pore size distribution. The surface
morphology and elemental composition of the biochar were examined
using a scanning electron microscope equipped with energy-dispersive
spectroscopy (SEM-EDS, Quantum SEM 5000X + UltimMax 40). To
identify the functional groups present in the biochar, both before and
after Cd adsorption, Fourier transform infrared (FTIR) spectroscopy was
performed using a Shimadzu IRTracer-100 instrument. X-ray diffraction
(XRD) analysis on a Rigaku SmartLab SE diffractometer was used to
investigate the crystalline phases and structural features of the biochar.
The concentration of Cd was determined using an atomic absorption
spectrometer, ZEEnit 700P (Analytik Jena AG, Germany). Additionally,
the surface charge characteristics at varying pH levels were assessed by
measuring zeta potential with a Malvern Zetasizer Nano ZSE.

2.4. Batch adsorption experiments

A 0.01 mol/L sodium nitrate (NaNOs) solution served as the back-
ground electrolyte for preparing cadmium solutions (Wang, W.J. et al.,
2025). Cadmium nitrate tetrahydrate (Cd (NOs) 2-4H20) was used to
prepare a 50 mg/L Cd (II) solution, and its pH was carefully adjusted
with 0.01 mol/L HCI or NaOH to reach the target values.

Batch adsorption tests were conducted to evaluate the Cd (II)
removal performance of both raw and phosphate-modified biochars,
investigating the effects of solution pH, contact time, and initial metal
concentration. For pH-dependent experiments, 0.020 g of biochar was
added to 20 mL of a Cd(II) solution (50 mg/L) at pH values ranging from
2 to 8. Solutions with a pH exceeding 8 were avoided, as Cd** pre-
cipitates as Cd(OH)2, complicating the distinction between adsorption
and precipitation (Panapitiya et al., 2025). Kinetic studies were con-
ducted at a constant biochar dosage and initial Cd (II) concentration,
with a pH of 6.0 + 0.1 maintained and contact times ranging from 0 to
2880 min. For isotherm measurements, 0.020 g of biochar was exposed
to 20 mL of Cd(II) solutions with concentrations ranging from 10 to 250
mg/L at pH 6.0 £ 0.1, and the mixtures were shaken for 24 h. Previous
studies have indicated that under these conditions (solid-to-liquid ratio
of 1.0 g/L, ambient temperature, and pH 6.0), Cd removal efficiency can
exceed 98 % (Chen et al., 2024). After each experimental run, the sus-
pensions were filtered using 0.45 um nylon membranes, and the residual
Cd concentration in the filtrate was quantified. The equilibrium
adsorption capacity of the biochar for Cd (II), denoted as (Q.) (mg-g™),
was determined according to Eq. (1):

(Co —Ct) xV
m

Q. = (€]
Qe (mg-g™) represents the equilibrium adsorption capacity of the bio-
char for Cd (I); Co (mg-L™) is the initial concentration of Cd (II) in so-
lution; C; (mg-L™!) denotes the equilibrium concentration of Cd (1I); V (L)
refers to the total volume of the Cd (II) solution used; m (g) is the mass of
biochar applied in the adsorption experiment.

2.5. Model fitting

To evaluate the kinetics of cadmium (Cd) adsorption onto the four
types of biochar examined in this study, experimental data were inter-
preted using three kinetic models: the pseudo-first-order (Eq. (2)),
pseudo-second-order (Eq. (3)), and Elovich (Eq. (4)) equations, as
described by Ho and McKay et al. (Ho and McKay, 2000). The
Weber-Morris intraparticle diffusion model (Eq. (5)) was used to eval-
uate the rate-limiting mechanism (Qu et al., 2021). For equilibrium
analysis, the Langmuir (Egs. 6), the Freundlich (Egs. (6-7), the Temkin,
and the Dubinin-Radushkevich (D-R) isotherm models were employed to
characterize the adsorption behavior, as outlined in prior studies. The
Temkin and p-R model fitting references the description by Damacet
et al. (2026). These models were chosen to provide a comprehensive
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Table 1
Basic physicochemical properties of biochar.
Sample Yield (wt%) pH value EC (uS/cm) elementary analysis (%) atomic ratio P (mg-g ) SSA (m%g 1)
C H [¢] N H/C o/C (N +0)/C
BC 30.571 8.76 258 66.230 1.689 14.752 1.660 0.303 0.167 0.189 2.474 1.376
PBC-1 33.557 9.62 1546 70.630 1.964 13.590 2.090 0.331 0.144 0.170 20.476 2.304
PBC-2 35.653 10.71 2030 53.400 1.656 18.692 1.490 0.369 0.263 0.286 23.810 4.495
PBC-3 40.589 12.47 3060 37.640 1.434 25.188 0.800 0.453 0.502 0.520 50.252 12.076

Note: BC: raw biochar; PBC-1: KH2POs-modified biochar; PBC-2: K2HPO4-3H20-modified biochar; PBC-3: KsPO4-3H20-modified biochar; SSA: specific Surface Area.

understanding of both kinetic and equilibrium adsorption reliability, and reproducibility of the results. Blank measurements were
characteristics. recorded before analysis and applied for correction when necessary.
ek Each dataset represents the mean of three independent replicates.
Q=Q(1-e") @ Standard deviations were calculated using descriptive statistics in SPSS
QK xt 20.0. Adsorption kinetics and isotherm models were analyzed and
Q=—e """ 3) plotted using Origin 2022. Heatmaps for correlation analysis were
L+Ex Qe xKs generated with R 4.3.2, whereas all other figures were prepared using

Q =K.nt+C ) Origin 2022.

Qe represents the amount of Cd adsorbed by the adsorbent at
adsorption equilibrium; Q; denotes the amount of Cd adsorbed by the
adsorbent at time t (min) (mg g™'); K¢ is the rate constant of the pseudo-
first-order equation (min™); Ky is the rate constant of the pseudo-second-
order equation (g (mg min) !); K, and C are the Elovich constants.

Qt =KitY2 +Ci (5)

K; is the intraparticle diffusion rate constant (mg min='/? g™).

Qmax X K, X C,
- 2 6
Qe 11K xC. (6)
Q. =K x Ci/™ )

Qmax (mg-g™!) represents the maximum adsorption capacity of the
adsorbent, while K;, (L-mg™), ng, and Ky (mg-g™!) are parameters related
to the adsorption energy, intensity, and capacity, respectively.

2.6. Adsorption mechanism analysis

A 2 g sample of raw and phosphorus-modified biochar was placed in
a conical flask containing 100 mL of 1 mol/L hydrochloric acid (Wang
et al., 2015). The mixture was shaken at 200 rpm for 4 h on a constant
temperature reciprocating shaker (Shanghai Boxun, BSD-TX318,
benchtop intelligent precision shaker) at room temperature (25 °C) to
remove most of the minerals from the biochar. This cleaning method had
minimal impact on the biochar's functional groups (Cui et al., 2016).
After filtration, the biochar samples were washed with distilled water
until the pH stabilized and then dried at 60 °C to obtain demineralized
biochar. About 0.020 g of both demineralized and raw biochar were
mixed with 20 mL of a 50 mg/L Cd solution and a background solution
(without Cd) at room temperature (initial pH of 6 + 0.1), shaken for 24
h, and filtered. The concentrations of K, Na, Ca, Mg, and Cd in the filtrate
were determined using an atomic absorption spectrometer (ZEEnit®
700P, Analytik, Germany). The method for quantifying the adsorption
capacities of different biochars for Cd** through various mechanisms
(Qcom: complexation with surface -COOH/-OH; Qexc: cation exchange;
Qpre: mineral precipitation; Qother: other mechanisms) was based on
the description by Wang et al. (2022). The contribution of each mech-
anism to Cd adsorption was determined by calculating the ratios
Qpre/Qove, Qexc/Qove, Qcom/Qove, and Qoth/Qove to identify the
main mechanisms of Cd adsorption across different biochars.

2.7. Data analysis

All adsorption experiments were performed in triplicate, and blank
controls were conducted simultaneously to ensure the accuracy,

3. Results and discussion
3.1. Physical and chemical properties of biochar

Compared with the raw biochar, tamarisk biochar modified with
KH2PO4 (PBC-1), K-HPO4-3H;0O (PBC-2), and KsPO4-3H,O (PBC-3)
exhibited increased yield, pH, and electrical conductivity (EC) (Table 1).
The increase in yield indicates a higher conversion efficiency of the
phosphorus-modified biochar, with reduced losses of volatile substances
during pyrolysis. The higher pH (Mohan et al., 2014) and electrical
conductivity (EC) (Chen, H. et al, 2023) observed in the
phosphate-modified biochars enhance the chemical environment,
thereby providing more favorable conditions for heavy metal adsorp-
tion. In addition, compared with raw biochar (BC), PBC-1 exhibited a
markedly lower H/C ratio, while PBC-2 and PBC-3 showed significantly
higher O/C and (N + 0)/C ratios, with the highest values observed in
PBC-3 (Table 1). The reduction in the H/C ratio indicates enhanced
surface oxidation and aromaticity in PBC-1. The elevated O/C ratios in
PBC-2 and PBC-3 suggest a greater abundance of oxygen-containing
functional groups on their surfaces, thereby improving hydrophilicity
and enhancing adsorption capacity for water-soluble contaminants. The
(N + 0)/C ratio, a key indicator of hydrophilicity and polarity (Fonseca
et al., 2025), was also significantly higher in the modified biochars,
reflecting increased chemical reactivity and greater potential for appli-
cations in adsorption and environmental remediation.

Furthermore, the phosphorus levels in the modified biochars were
substantially higher than those in the raw biochar. Specifically, the
phosphorus concentration was measured at 2.474 mg/g in BC, while
PBC-1, PBC-2, and PBC-3 exhibited significantly higher concentrations
of 20.476 mg/g, 23.810 mg/g, and 50.252 mg/g, respectively. This in-
dicates that phosphate was successfully loaded onto the biochar surface,
markedly increasing its phosphorus content. This enhancement may be
attributed to the presence of K* ions in the three phosphate salts (Zhang
et al., 2018); the pore-forming effect of K* facilitates extensive phos-
phorus loading while simultaneously increasing the specific surface area
(Wang et al., 2022).

3.1.1. Surface structure and porosity

SEM observations revealed that pristine BC possessed a relatively
smooth surface with macroporosity, whereas phosphate-modified bio-
chars (PBC-1, PBC-2, and PBC-3) exhibited rougher surfaces with
partially collapsed or blocked pores (Fig. 1(a)). Semi-quantitative EDS
analysis confirmed a substantial increase in surface phosphorus content
after modification, consistent with the bulk elemental results (Fig. S1).
Notably, surface roughness and phosphorus content increased progres-
sively from PBC-1 to PBC-3, highlighting the critical role of K*
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Fig. 1. Characterization of biochars: (a) SEM images with corresponding EDS elemental mapping, (b) nitrogen adsorption-desorption isotherms, (c) pore size
distribution based on the BJH method, (d) FTIR spectra, and (e) XRD diffraction patterns.

concentration in promoting phosphate loading and structural recon-

struction during pyrolysis.

Nitrogen adsorption-desorption analysis indicated that all biochars
exhibited type III isotherms (Fig. 1(b)), suggesting weak adsorbate-
—adsorbent interactions and multilayer adsorption behavior (Farooq
et al., 2019). The pore size distributions were dominated by mesopores

(2-50 nm), with relatively few micropores (<2 nm), forming a hierar-
chical porous structure that is conducive to ion diffusion and surface
reactions during Cd adsorption. Such hierarchical porosity facilitates
efficient penetration of Cd?* into internal channels and rapid access to
active sites, thereby enhancing adsorption efficiency (Wang, H. et al.,
2025).
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3.1.2. Surface chemistry and functional groups

FTIR analysis was conducted to characterize surface functional
groups of the raw and modified biochars (Fig. 1(c)). All biochars
exhibited ~OH absorption bands around 2800-3200 cm™ (Xu et al.,
2024) and aromatic C=C stretching vibrations around 1570 cm™ (Peng
etal., 2017). Compared with BC, the aromatic C—C peak intensity in the
modified biochars was significantly enhanced, indicating a higher de-
gree of aromatization and a more stable structure (Jin et al., 2023).
PBC-3 showed a —CH peak at 1383 cm™!, further indicating enhanced
aromaticity, which, in turn, strengthens n-n interactions during
adsorption and provides additional active sites on the biochar surface
(Xu et al., 2024).

Phosphate modification introduced new acidic functional groups on
the biochar surface, as evidenced by the appearance of a -COOH peak in
PBC-3 around 1514 cm™'. Notably, all three modified biochars exhibited
strong P-O absorption peaks in the range of 1000-1200 cm™. The peaks
at 551 cm™ and 615 cm™ correspond to PO+*- (Zhang et al., 2020), those
at 1039 cm™, 1049 cm™, and 1100 cm™* correspond to P-07*, and the
peak at 868 cm™ corresponds to POs™ (Gao, R.L. et al., 2019). These
results confirm the successful loading of various phosphate species,
which can interact with Cd** to form Cd-P precipitates, thus enhancing
adsorption.
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Fig. 3. Kinetic analysis of Cd adsorption behavior on biochars.

3.1.3. Mineral composition and crystallinity

XRD analysis was used to examine the mineral composition on the
surface of the biochars (Fig. 1(e)). For BC, the 20 diffraction peaks
appeared at 25.53°, 31.42°, 38.65°, 40.87°, and 48.7°, corresponding to
CaSOa. For BC-1, specific diffraction peaks were well-matched with
CaHPOa, CazP207, Cas(PO.) 2, and CasP20.. For BC-2, the diffraction
peaks corresponded well with Caz(POa) Cl, CaSO4, and Ca(H2PO>) 2. For
BC-3, specific diffraction peaks corresponded to CaPsO11, Cas(POa4) 2,
Caz(P207), and Cas(PO:) sOH. In addition, all samples exhibit broad and
weak diffraction bands in the 20-30° range, which is a typical feature of
amorphous carbon.

The appearance of novel phosphorus-associated diffraction peaks in
the modified biochars is likely due to the dehydration and subsequent
condensation of phosphate compounds during pyrolysis at 500 °C
(Padilla et al., 2023). Together with the FTIR results, these XRD patterns
confirm that phosphate incorporation not only alters the surface
chemistry but also introduces new crystalline domains capable of
interacting with Cd*, thereby linking structural reconstruction and
chemical functionality to improved adsorption performance.

3.2. Adsorption experiments

3.2.1. Impact of pH and zeta potential

Solution pH affects the chemical speciation of Cd*>* and the surface
charge distribution of biochar (Zhang, H. et al., 2022). At pH 2.0, the
adsorption capacity of Cd by all four biochars was low, possibly due to
the high concentration of H* in the solution, which occupied surface
active sites and competed with Cd** for adsorption (Kotodynska et al.,
2017). When pH > 3, PBC-3 exhibited the highest adsorption capacity,
which may be attributed to phosphate modification, which increased the
content of acidic functional groups on the biochar surface, thereby
enhancing electrostatic attraction to Cd** (Gao, R. et al., 2019).

As shown in Fig. 2(a), within the pH range of 2-8, all biochars
exhibited a negative zeta potential, which is consistent with the findings
of Chen et al. (2023)(Chen, Y. et al., 2023). Notably, PBC-3 exhibited the
most negative zeta potential, indicating the strongest negative surface
charge. Modification with orthophosphate can increase the surface
content of acidic functional groups (Gao, R. et al., 2019). The strong
negative charge enhances the electrostatic attraction to Cd** (Liu et al.,
2025). It also increases repulsion between particles, thereby preventing
aggregation and facilitating Cd®* adsorption.
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Fig. 4. Isotherm analysis of Cd adsorption behavior on biochars.

3.2.2. Cd adsorption kinetics characteristics of biochar

The adsorption data of raw and phosphate-modified biochars were
fitted using the pseudo-first-order, pseudo-second-order, and Elovich
kinetic models (Fig. 3). Compared with the pseudo-first-order model and
Elovich models, the pseudo-second-order model showed a higher R* and
a lower y? (R%= 0.990-0.998, with the lowest x?), indicating that Cd
adsorption onto the biochars is better described by the pseudo-second-
order kinetics (Table S2). The adsorption rate is predominantly gov-
erned by chemisorption. Adsorption occurred rapidly at the initial stage
due to abundant active sites, followed by gradual saturation until
equilibrium (Li et al., 2017). Equilibrium adsorption capacities (Qe)
were 11.170 + 0.318 mg/g for BC, 19.081 + 0.237 mg/g for PBC-1,
29.115 -+ 0.380 mg/g for PBC-2, and 45.516 + 2.161 mg/g for PBC-3
(Table S2), clearly demonstrating the enhancement due to phosphate
modification.

In addition, the Weber-Morris intraparticle diffusion model was
applied to dissect further the kinetic steps involved (Fig. S2) (Azizzadeh
et al., 2025). The plot exhibited multilinear behavior, which is
commonly interpreted as indicative of multiple adsorption stages. The
relationship between Qe and t'/2 shows a piecewise-linear pattern and
does not intersect the origin (Fig. S2 and Table S3), indicating that
intraparticle diffusion is not the sole rate-limiting factor in the overall

adsorption kinetics of biochar (Lu et al., 2021). Overall, the adsorption
of Cd by biochar involves multiple steps, including surface adsorption,
intraparticle diffusion, and potential chemisorption, each of which may
be influenced by factors such as the availability of active sites, diffusion
resistance, and intermolecular forces (Lu et al., 2021).

3.2.3. Isothermal characteristics of Cd adsorption on biochar

The adsorption isotherms of Cd** were fitted with the Langmuir and
the Freundlich models (Fig. 4). The Langmuir model assumes monolayer
adsorption on a homogeneous surface (Akl et al., 2022). In contrast, the
Freundlich model is an empirical isotherm equation describing adsorp-
tion on heterogeneous surfaces (Masry et al., 2023). Compared with the
Freundlich model, Temkin model, and p-R model, the Langmuir model
exhibited a higher R? and a lower y? (R2= 0.988-0.999, with the lowest
1?, indicating a better fit described by the Langmuir model (Table S4).
The maximum adsorption capacities (Qmax, Langmuir) were 32.25
mg/g for PBC-1, 50.74 mg/g for PBC-2, and 206.94 mg/g for PBC-3,
compared with 13.70 mg/g for BC (Table S4). Accordingly, phosphate
modification increased adsorption capacity by 2.35-15.11 times, high-
lighting the synergistic effect of enhanced surface area, phosphate
functional groups, and pore structure. Notably, PBC-3 exhibited the
highest adsorption, which may be attributable to the KsPOs-induced
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Table 2
Comparison of Qe ca of phosphorus-modified biochars with other modified
biochars for Cd?*.

Modified biochars Experimental Qe, cal References
conditions (mg g™
Carboxyl-functionalized Room 69.1 (Jrad et al.,
zirconium-based MOF temperature 2022)
Formic acid-modified Room 34.8 (Jrad et al.,
zirconium-based MOF temperature 2022)
Porphyrin-based fluorescent pH=38 166 (Jin et al.,

COFs 2022)

Steel slag-biochar composites T=25°C,pH= 109.21 (Wang et al.,
5.0 2023)
Nano-chlorapatite wheat husks T=25°C,pH = 48.30 (Yuan et al.,
biochar 6.0 2023)
Alkali Activation of the Cotton T=45°C,pH = 51.95 (Tuersun
Straw Biochar 8.0 et al., 2024)
Iron-manganese modified pH=6 75.21 (Xie et al.,
biochar 2025)
Sulfhydryl-modified chitosan pH=5.0 64.19 (Zhang, L.
derivative et al., 2025)
Magnesium-doped phosphoric T=25+1°C, 140.43 (Lin et al.,
acid-activated tea branch pH =6.0 2026)
biochar
Lactobacillus T=25°C,pH = 12.13 (Zhu et al.,
plantarum-modified biochar 6.0 2026)
Cobalt-HHTP metal-organic Room 169 (Damacet
framework temperature et al., 2026)
PBC-3 T=25°C, pH = 206.94 Present study
6.0 + 0.1

pore formation and the highest phosphorus loading, which favors the
formation of Cd-P precipitates (as discussed in Section 3.3).

The equilibrium constants (K;) ranged from 0.01 to 0.08 (Table S4),
indicating favorable adsorption conditions (Worku et al., 2023). The
maximum adsorption capacity of PBC-3 for Cd* in water is 1.47-17.06
times higher than that of various modified adsorbents, including MOFs
and biochars (Table 2). This result further demonstrates the strong
adsorption capacity of phosphorus-modified biochar for Cd.

3.3. Analysis of biochar adsorption mechanisms

Fig. 5(a) presents the FTIR spectra of different biochars after Cd
adsorption. For the phosphate-modified biochars, the characteristic
vibrational bands of phosphate species (e.g., POs”, P207*, and PO+*")
showed pronounced decreases in intensity and/or noticeable peak shifts
after Cd uptake. This indicates that these phosphorus-containing func-
tional groups were directly involved in the adsorption process. During
biochar pyrolysis, various oxygen- and phosphorus-containing func-
tional groups are generated. These groups can strongly bind metal ions
through surface complexation mechanisms (Zhang, P. et al., 2022). The
observed FTIR variations suggest that Cd** interacts with phosphate
groups on the biochar surface. This results in the formation of
Cd-phosphate complexes and precipitation of cadmium phosphate
phases (Guo et al., 2024).

The XRD patterns of biochars after Cd adsorption are shown in Fig. 5
(b). Diffraction peaks corresponding to CdCOs were detected, suggesting
that Cd (II) can react with carbonate species or carbonate minerals
present in the biochar matrix (Chen et al., 2022), a phenomenon also
reported for other biochar-based adsorbents (Ye et al., 2024). After Cd**
adsorption, new diffraction peaks appeared in the modified biochars.
Specifically, PBC-1 exhibits good correspondence with Cd2PsCl, Cd
(HPOs), Cd (OH)2, and Cd:P:07; PBC-2 corresponds well with
CdCaz(PO4) 2; and PBC-3 aligns closely with Cds(PO4) 2. These results
confirm that Cd** reacts with phosphate groups (POs", P207*, and PO+*")
on the modified biochars (PBC-1, PBC-2, and PBC-3).

To further elucidate the role of phosphorus in Cd removal and to
evaluate the potential risk of secondary pollution, the phosphorus con-
centration in the equilibrium solutions of the adsorption isotherm
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experiments was quantified. The results showed that the phosphorus
concentration in solution gradually decreased with increasing Cd
adsorption, indicating that phosphorus was predominantly consumed
during Cd immobilization rather than released into the aqueous phase.
Previous studies have demonstrated that phosphorus-enriched biochars
remove Cd mainly through phosphate complexation and precipitation
mechanisms (Li et al., 2022). When the adsorption equilibrium was
reached, the phosphorus concentration in all equilibrium solutions
approached zero (Fig. S3), confirming that phosphate-modified biochars
did not cause secondary phosphorus pollution under the experimental
conditions.

The quantitative analysis of the Cd adsorption mechanisms for both
raw and modified biochars is presented in Fig. 6(a) and (b). The primary
mechanism of Cd adsorption by raw biochar is ion exchange, accounting
for 63 % of the total adsorption capacity (8.05 mg/g). The exchangeable
cations on the biochar surface, such as K*, Ca?*, Na*, and Mg, can un-
dergo ion exchange with Cd?* (Kukowska et al., 2025). For modified
biochars, mineral precipitation is considered the dominant mechanism
for Cd adsorption. The contribution of precipitation to Cd adsorption is
10.22 mg/g, 15.70 mg/g, and 23.23 mg/g, accounting for 45 %, 47 %,
and 53 % of the total adsorption capacity of PBC-1, PBC-2, and PBC-3,
respectively (Fig. 5(a)). This may be because the alkalinity of the
modified biochar is enhanced, allowing more OH- to combine with Cd**
to form Cd(OH): precipitates (Li and Ma, 2025). Meanwhile, the modi-
fied biochar is loaded with different phosphate ions, which combine
with Cd*to form cadmium phosphate precipitates (Zhu et al., 2025),
consistent with the previous FTIR and XRD analysis results.

Furthermore, Pearson correlation analysis showed that the H/C, O/
C, (N + 0)/C ratios, and specific surface area (SSA) of biochar were all
significantly positively correlated with Cd adsorption capacity (Qmax)
(P < 0.05). Increased O/C, H/C, and (O + N)/C ratios enhanced the
adsorption capacity (Hafshejani and Saeidinia, 2025). Furthermore, a
larger specific surface area provides more available adsorption sites (Li,
R. et al., 2025), thus significantly enhancing Cd adsorption capacity.
Overall, the KsPO4-3H20-modified biochar (PBC-3) exhibited superior
Cd(II) adsorption performance due to its enhanced physicochemical
properties, including increased alkalinity, higher specific surface area,
and enriched oxygen- and phosphorus-containing functional groups.
These properties collectively promoted ion exchange, surface complex-
ation, and multi-phase mineral precipitation, thereby enabling efficient
immobilization and removal of Cd from aqueous solutions.

4. Conclusion

This study shows that biochars derived from Tamarix chinensis
exhibit greatly improved Cd>* adsorption after modification with
KH2PO4, K2HPO4-3H:0, or KsPO4-3H20. Among them, KsPOs-3H:0-
modified biochar (PBC-3) performed best, with an equilibrium adsorp-
tion capacity of 206.94 mg/g, 15.11 times higher than that of the pris-
tine biochar. Kinetic and isotherm analyses indicate that adsorption
follows a pseudo-second-order kinetic model and a Langmuir isotherm,
indicating chemisorption as the dominant process. Moreover,
phosphorus-modified biochar maintains strong adsorption performance
across a wide pH range (2-8). Mechanistic analysis indicates that while
raw biochar primarily removes Cd** through ion exchange, phosphate
modification enhances removal via mineral precipitation. This is ach-
ieved by forming phosphate-Cd complexes, with equilibrium phos-
phorus concentrations approaching zero. Correlation analysis indicated
that the biochar’s elemental ratios (H/C, O/C, (N + 0)/C) and specific
surface area had a significant positive influence on Cd?* adsorption,
explaining the superior performance of PBC-3. These results indicate
that using Tamarix chinensis as a feedstock to produce phosphate-
modified biochar is an effective method for removing Cd** from
aqueous solutions. However, a limitation of this work is the lack of
validation in real wastewater systems. Future research should focus on
its practical performance in field applications and evaluate its
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dicates P < 0.01, and *** indicates P < 0.001.

effectiveness in removing Cd(II) from tap water, rainwater, rivers, and
other natural water bodies.
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