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Abstract
Cadmium (Cd), a hazardous heavy metal primarily emitted by smelting industries, presents significant environmental and 
health hazards due to its persistence and strong potential for bioaccumulation. Substantial amounts of Perilla frutescens 
stems (PFS), which constitute a major agricultural byproduct, are typically discarded or openly burned in fields, thereby 
generating smoke, particulate emissions, and greenhouse gases. This study explored a sustainable valorization pathway by 
converting PFS into biochar (PFSB) via pyrolysis at temperatures ranging from 300 to 750 °C, assessing its effectiveness as 
an adsorbent for Cd removal. Of the evaluated biochars, the sample produced at 450 °C (PFSB–450) demonstrated desirable 
physicochemical characteristics, such as a high C/N ratio, low H/C ratio, well-developed porosity, and a rich presence of 
oxygen-containing functional groups. Batch adsorption tests showed a peak Cd adsorption capacity of 75.74 mg/g, aligning 
with or exceeding those of other biochar-based adsorbents reported in the literature. Notably, this level of performance was 
attained using a straightforward pyrolysis technique without requiring chemical modification or intricate processing steps. 
The adsorption processes conformed to the Elovich and Langmuir models, signifying that both chemisorption and monolayer 
adsorption took place. Mechanistic studies identified electrostatic attraction, ion exchange, and Cd–O/Cd–π interactions as 
the principal adsorption mechanisms. Response surface methodology revealed that adsorbent dosage, initial pH, and reac-
tion time played critical roles in determining Cd removal efficacy, while temperature was found to be insignificant. Under 
optimized operational parameters, PFSB–450 removed 80.84% of Cd from authentic zinc smelter wastewater samples. 
This work illustrates the dual advantages of mitigating air pollution through agricultural residue utilization and addressing 
heavy metal contamination in industrial effluents, promoting a scalable and cost-efficient solution consonant with circular 
economy practices.
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List of symbols
ANOVA	� Analysis of variance
BET	� Brunauer–Emmett–Teller
C	� Intercept value of the intraparticle diffu-

sion model (mg/g)
Cd_PFSB–450	� PFSB–450 with Cd adsorbed
Ce	� Residual Cd concentration in solution 

after adsorption reaction (mg/L)
D	� Fractal dimension
EA	� Automated elemental analyzer
EBC	� European biochar certificate
FE–SEM/EDX	� Field emission scanning electron micro-

scope coupled with energy dispersive 
x-ray spectroscopy

FHH	� Frenkel–Halsey–Hill method
FT–IR	� Fourier transform infrared spectroscopy
IBI	� International Biochar Initiative
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ICP–OES	� Inductively coupled plasma optical emis-
sion spectroscopy

IPD	� Intraparticle diffusion
k1	� Pseudo-first-order kinetic rate constant 

(1/h)
k2	� Pseudo-second-order kinetic rate con-

stant (mg/(g·h))
KF	� Distribution coefficient ((mg/g) (L/

mg)1/n)
ki	� Intraparticle diffusion rate constant (mg/

(g·h1/2))
KL	� Langmuir constant associated with bind-

ing energy (L/mg)
n	� Freundlich constant
PFO	� Pseudo-first-order
PFS	� Perilla frutescens stems
PFSB	� Perilla frutescens stems biochar
PFSB–300	� Perilla frutescens stems biochar pro-

duced at 300 °C
PFSB–450	� Perilla frutescens stems biochar pro-

duced at 450 °C
PFSB–600	� Perilla frutescens stems biochar pro-

duced at 600 °C
PFSB–750	� Perilla frutescens stems biochar pro-

duced at 750 °C
PSO	� Pseudo-second-order
qe	� Equilibrium adsorption amount of Cd by 

PFSB (mg/g)
qt	� Adsorption amount of Cd by PFSB at 

time t (mg/g)
R2	� Coefficient of determination
RSM	� Response surface methodology
t	� Reaction time (h)
TGA/DTG	� Thermogravimetric/derivative thermo-

gravimetry analysis
WHO	� World Health Organization
X1	� Dose of PFSB–450 (g/L)
X2	� Industrial wastewater pH
X3	� Reaction time (h)
X4	� Reaction temperature (°C)
XPS	� X-ray photoelectron spectroscopy
XRF	� X-ray fluorescence analysis
β	� Desorption constant associated with the 

activation energy for chemisorption (g/
mg)

Introduction

Among heavy metals, cadmium (Cd) is recognized as one of 
the most hazardous contaminants, occupying a leading posi-
tion on the agency for toxic substances and disease registry’s 
substance priority list (Kumar et al. 2022). The emission of 

Cd into the environment arises from a variety of anthropo-
genic sources, including zinc smelting, ceramics produc-
tion, alkaline battery manufacturing, electroplating, mining 
activities, waste incineration, use of industrial fertilizers, and 
the combustion of certain types of coal and oil (Kwikima 
et al. 2021; Xu et al. 2022). It is estimated that approxi-
mately 7,000 ton/year of Cd are annually discharged into 
the environment (Segneanu et al. 2022). Prolonged exposure 
to Cd may result in a range of significant health problems, 
including but not limited to neurological disorders, respira-
tory illnesses, renal impairment, skeletal abnormalities, 
and cardiovascular conditions (Chai et al.2020; Boulanouar 
et al. 2025). The World Health Organization (WHO) has 
established a permissible limit for Cd in drinking water of 
0.003 mg/L (Othmani et al. 2022).

Various methods are available for the removal of Cd 
from industrial wastewater, such as chemical precipitation, 
filtration, electrochemical treatment, ion exchange, mem-
brane separation, and adsorption, with adsorption receiv-
ing increased research interest (Cheng et al. 2021; Xu et al. 
2022; Ma et al. 2023; Lee et al. 2024a). Although mem-
brane separation, chemical precipitation, and electrochemi-
cal treatments are effective for removing Cd, these methods 
are frequently hindered by significant disadvantages, includ-
ing high operational costs, excessive sludge generation, and 
increased energy input (Gupta et al. 2021). In comparison, 
adsorption is considered a straightforward, cost-efficient, 
and environmentally benign technology, with reduced pro-
duction of sludge and lower energy requirements relative to 
alternative methods (Liu et al. 2022a; Li et al. 2023; She-
watatek et al. 2025). The adsorption process’s efficiency is 
heavily influenced by the type of adsorbent selected (Khan 
et al. 2020). Nevertheless, the high cost of some commer-
cial adsorbents restricts their application on a large scale. 
Therefore, it is necessary to develop economical alternatives 
(Cheng et al. 2022).

Among the various biomass sources as feedstock for bio-
char production, agricultural residues have garnered nota-
ble attention due to their abundance, cost-effectiveness, and 
straightforward collection, especially within rural and agri-
cultural regions (Yuan et al. 2021). Major components of 
agricultural residues include hemicellulose, cellulose, and 
lignin (Khedulkar et al. 2023). Traditionally, crop residues 
have been subject to open field burning to expedite disposal. 
Unfortunately, this practice significantly increases fire risks 
and generates serious air pollution due to the uncontrolled 
emission of pollutants such as CO2, SO2, NOx, and par-
ticulate matter (Cho et al. 2023a). Alternatively, pyrolysis 
represents a controlled thermal processing technique that 
limits the release of hazardous gases and offers a more envi-
ronmentally sound method for agricultural waste manage-
ment (Awogbemi and Von Kallon 2023). The application 
of agricultural waste-derived biochar for Cd removal not 
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only contributes to the treatment of industrial wastewater but 
also enhances the value of agricultural residues through their 
conversion into beneficial products (Khedulkar et al. 2023). 
The adoption of this strategy advances the circular economy, 
lowers waste handling expenses, and delivers a sustainable 
means to alleviate environmental pressures (Khedulkar et al. 
2023; Khelali et al. 2025).

Perilla frutescens is extensively grown and used as a food 
source in several Asian nations, including Korea (Niazi et al. 
2018). As of 2023, Korea reported an annual production of 
47,800 tons. Nevertheless, a considerable quantity of the 
stems is treated as agricultural waste. Owing to their lig-
nocellulosic makeup, these residues resist rapid biodegra-
dation. As a common disposal method, farmers burn these 
materials in open fields, posing substantial fire risks and 
contributing to atmospheric pollution related to the combus-
tion of agricultural biomass.

In this study, discarded residues of Perilla frutescens 
stems (PFS), which otherwise present environmental risks 
when subjected to open-field burning, were transformed into 
biochar and evaluated as an adsorbent for Cd removal from 
wastewater. While considerable research has established that 
biochars derived from diverse biomass sources can achieve 
high Cd removal efficiencies (Othmani et al. 2022; Ma et al. 
2023; Lee et al. 2024b, c), the majority of these studies have 
concentrated on synthetic wastewater, and research utilizing 
actual wastewater is scarce. To fill this research gap and 
improve real-world applicability, this study assessed the effi-
cacy of PFS-derived biochar (PFSB) in removing Cd from 
genuine zinc smelter wastewater. PFSBs were generated at 
various pyrolysis temperatures, and their physicochemical 
characteristics were systematically analyzed to clarify the 
adsorption mechanism. Batch experiments were performed 
to identify the optimal pyrolysis temperature for Cd removal, 
followed by an evaluation of adsorption behavior across a 
range of reaction times and initial Cd concentrations. In 
addition, response surface methodology (RSM) was used to 
explore the influence of key operational parameters on Cd 
removal from actual zinc smelter wastewater, with the aim 
of optimizing treatment conditions.

Materials and methods

Adsorbent preparation

The PFS was harvested from an upland field in Hwaseong, 
Republic of Korea. After harvesting, the plants underwent 
air-drying and then threshing to separate the seeds (Perilla 
frutescens), using only the stems for this study. The obtained 
PFS was rinsed with tap water to eliminate soil and impu-
rities. The cleaned PFS was then oven-dried at 65 °C for 
72 h in a forced convection oven (OF–22GW, Jeio Tech 

Co., Ltd., Korea), ensuring complete removal of moisture. 
Subsequently, the dried PFS was ground using a high-speed 
blender (KCBL100, Foshan Leweimei Electrical Appliances 
Co., Ltd., China) to a particle size < 0.425 mm. Pyrolysis 
was performed in an oxygen-free environment utilizing a 
high-temperature tube furnace (STF–1250, U1tech, Korea) 
with N2 gas injection capability. The heating rate during 
pyrolysis was set at 20 °C/min, and the target temperature 
was held for 1 h once reached. Pyrolysis was conducted 
at 300, 450, 600, and 750 °C, and the resulting biochars 
were designated as PFSB–300, PFSB–450, PFSB–600, and 
PFSB–750, respectively.

Chemicals and real zinc smelter wastewater used 
in this study

The Cd adsorption performance of PFSB was assessed by 
preparing a Cd solution with cadmium nitrate tetrahydrate 
(Cd(NO3)2·4H2O). Hydrochloric acid (HCl) and sodium 
hydroxide (NaOH), each at a 1 M concentration, were used 
to adjust the solution pH during the experiments. All rea-
gents, purchased as extra pure grade from Samchun Chemi-
cals, a local supplier in South Korea, were dissolved in 
deionized water (Direct–Q3UV, Millipore, USA) for solu-
tion preparation. The Cd solution was made and diluted in 
accordance with the experimental requirements.

This study investigated the practical application of PFSB 
for Cd removal using real wastewater collected from a zinc 
smelter factory. The characteristics and sampling location of 
the wastewater employed in this study have been compre-
hensively reported in our previous publications (Cho et al. 
2023b; Lee et al. 2024a). Before conducting the experiment, 
heavy metal and inorganic cation concentrations in the zinc 
smelter wastewater were determined using inductively cou-
pled plasma optical emission spectroscopy (ICP–OES, Agi-
lent 5100, Agilent Technologies, USA). Detailed concentra-
tions of the wastewater are summarized in Table S1. Of the 
heavy metals analyzed, Cd was present at the third highest 
level, quantified at 94.9 mg/L.

Adsorbent characterization

Characterization was performed to investigate the physico-
chemical changes of PFSBs resulting from the pyrolysis 
of PFS. The surface morphology, porosity, and physical 
parameters, such as specific surface area, pore volume, and 
pore size, were assessed using a field emission scanning 
electron microscope/energy dispersive X-ray spectroscopy 
(FE–SEM/EDX; SU8600, Hitachi, Japan) in conjunction 
with a specific surface area analyzer (BET; BELSORP 
MAX, BETMICROTRAC, Japan). The contents of C, H, 
N, and S in PFS and PFSBs produced at various pyroly-
sis temperatures were quantified by an automatic elemental 
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analyzer (EA; FlashSmart, Thermo Fisher, USA) to assess 
the elemental changes induced by pyrolysis. In addition, the 
elemental composition and content in PFS and PFSBs were 
determined using X-ray fluorescence spectrometry (XRF; 
S8 TIGER, Bruker AXS, USA). To evaluate the release of 
cations, PFS and PFSBs (3.33 g/L) were separately reacted 
with 30 mL of deionized water, and cation concentrations in 
the eluate were determined by ICP–OES. Weight variations 
in PFS during progressive thermal treatment were analyzed 
by thermogravimetric/derivative thermogravimetry analysis 
(TGA/DTG; TG209F1 ASC, NETZSCH, Germany). Fou-
rier transform infrared spectroscopy (FT–IR; INVENIO–R, 
Bruker, USA) was applied to examine the functional groups 
on PFS and PFSBs.

To investigate the mechanism of Cd adsorption, char-
acterization was carried out using FE–SEM/EDX, XRF, 
and X-ray photoelectron spectroscopy (XPS; K–Alpha + , 
Thermo Fisher Scientific, United Kingdom). The presence 
of Cd on PFSB following Cd adsorption was visualized by 
mapping Cd on FE–SEM images with EDX analysis. XRF 
analysis was performed to verify the presence of Cd on 
PFSB after adsorption. The chemical properties of PFSB 
before and after Cd adsorption were examined using XPS 
with Al Kα radiation (hv = 1253.6 eV), providing insight 
into the dominant adsorption mechanisms.

Adsorption experiment

Cd adsorption by PFSBs was examined as a function of 
both the raw material (PFS) and the pyrolysis temperature. 
A 3.33 g/L suspension of either PFS or PFSBs was mixed 
with 30 mL of a 100 mg/L Cd solution in a 50 mL coni-
cal tube and allowed to react for 24 h. Adsorption amount 
was determined by calculating the difference between the 
initial and final Cd concentrations following the reaction. 
The PFSB demonstrating the highest adsorption efficiency 
(PFSB–450) was chosen for detailed kinetic and isotherm 
studies. Adsorption kinetics and isotherms were evaluated 
using established models. For kinetic analysis, 3.33 g/L of 
PFSB–450 was reacted with a 400 mg/L Cd solution in a 
50 mL conical tube at various time intervals (0.25, 0.5, 1, 
2, 3, 6, 12, and 24 h). The experiments were conducted at 
an agitation speed of 100 rpm and a constant temperature of 
25 °C. Both agitation speed and temperature were controlled 
using a temperature-regulated shaker (SJ–808SF, Sejong 
Scientific Co., Ltd., Korea). Isotherm adsorption experi-
ments utilized 3.33 g/L of PFSB–450 mixed with Cd solu-
tions varying in concentration from 100 to 1000 mg/L, in 
increments of 100 mg/L in a 50 mL conical tubes and were 
conducted for 24 h. The agitation speed and temperature 
conditions for isotherm studies mirrored those of the kinetic 
experiments (100 rpm, 25 °C). Each adsorption test was per-
formed in triplicate under identical conditions. After kinetic 

and isotherm experiments, PFSB–450 was recovered from 
the solutions using a 0.45 μm cellulose acetate filter paper 
(Advantec, Japan). Residual Cd concentrations after material 
separation were measured by ICP–OES at a wavelength of 
226.502 nm. The PFSB–450 retrieved post-Cd adsorption 
was subsequently characterized to investigate the underlying 
Cd adsorption mechanism.

For kinetic and isotherm model analyses, the mean values 
from three independent experiments were employed. Associ-
ated error bars are reported in the relevant figures. Pseudo-
first-order (PFO), pseudo-second-order (PSO), Elovich, and 
intraparticle diffusion (IPD) models were applied to interpret 
the adsorption kinetics. Langmuir and Freundlich models 
were utilized for isotherm assessments. The mathematical 
expressions for all kinetic and isotherm models are provided 
in the Supplementary Information. All procedures were 
conducted in triplicate. Data were subjected to analysis of 
variance (ANOVA) and further evaluated by Duncan’s mul-
tiple range test to establish statistical differences. Statistical 
analysis was performed using IBM SPSS Statistics software 
(SPSS Inc., Chicago, IL, USA), with statistical significance 
declared at p-value < 0.05.

The reusability of PFSB–450 for Cd adsorption was 
assessed through three sequential adsorption–desorp-
tion cycles. Initially, 3.33 g/L of PFSB–450 was mixed 
with 400 mg/L cadmium solution and allowed to react 
for 24 h. Following the reaction, the used PFSB–450 was 
isolated from the solution and subsequently dried. The 
dried PFSB–450 was then subjected to washing by mixing 
with deionized water for 24 h. This adsorption–desorption 
sequence was repeated for three cycles to evaluate the mate-
rial’s regeneration capacity.

Response surface methodology for Cd adsorption 
on PFSB

The efficiency of PFSB in removing Cd from actual indus-
trial wastewater was studied using response surface meth-
odology (RSM). A Box–Behnken design, a widely adopted 
method within RSM, was applied to investigate the interac-
tions among multiple independent variables and to develop 
a statistical model. The chosen independent variables were 
PFSB–450 dose (X1, g/L), industrial wastewater pH (X2), 
reaction duration (X3, h), and reaction temperature (X4, °C). 
The specific values for these variables are listed in Table S2. 
A total of 29 experimental conditions were generated using 
statistical software (version 7.0.0, Stat-Ease Inc., Minneapo-
lis, MN, USA) by systematically varying the four factors. 
Adsorption trials were then conducted following the soft-
ware-generated conditions, according to the batch adsorption 
experiment outlined in Sect. "Adsorption experiment". Prior 
to experimentation, the pH of the industrial wastewater was 
adjusted as needed with 1 M HCl or NaOH. The collected 



Applied Water Science            (2026) 16:2 	 Page 5 of 17      2 

experimental data were used to construct a polynomial 
regression model, and its statistical relevance was analyzed 
using ANOVA.

Results and discussion

Characterization of PFS and PFSB according 
to pyrolysis temperature

The main parameters that influence biochar production 
include biomass feedstock type, pyrolysis temperature, heat-
ing rate, inert gas flow rate, and residence time (Sekhon 
et al. 2021). Of these, pyrolysis temperature is especially 
critical for modifying the physicochemical properties of the 
feedstock, thus impacting both the quality and applicability 
of the resulting biochar (Panwar and Pawar 2022). In this 
research, the effects of pyrolysis temperature on the physico-
chemical properties of PFSBs were systematically analyzed.

FE–SEM was employed to investigate the surface mor-
phologies of PFS and PFSB synthesized at varying pyroly-
sis temperatures. Representative FE–SEM micrographs are 
shown in Fig. 1(a). The surface of PFS exhibited a smoother 
and more planar appearance compared to that of PFSB. 
With increasing pyrolysis temperature, the surface of PFSB 
developed noticeable cracks, resulting in increased surface 
roughness and the emergence of pore structures. The forma-
tion of these cracks likely arose from the decomposition and 
evolution of carbon dioxide, methane, water, and volatile 
constituents during the pyrolysis process (Jeon et al. 2019; 
Oginni et al. 2020). The heterogeneous and rough surface 
topology observed in PFSB could be beneficial for improv-
ing adsorption capacity (Ahmed et al. 2020).

Table 1 presents the results for specific surface areas, pore 
volumes, and pore sizes of PFS and PFSB. Although the spe-
cific surface area typically increased as pyrolysis tempera-
ture rose, substantial changes in PFSBs were observed only 
for PFSB–750. Pore sizes of both PFS and PFSBs (except 
for PFSB–750) fell within the range of 2 nm to 50 nm, con-
firming that these materials consisted of mesopores (Gan 
et al. 2021). In contrast, the pore size of PFSB–750 was 
determined as 1.8 nm, indicating its principal composition 
of micropores (< 2 nm) rather than mesopores (Gan et al. 
2021). The Frenkel–Halsey–Hill (FHH) model was used to 
calculate the fractal dimension (D), thereby quantifying the 
surface roughness and structural irregularity of the pores (Li 
et al. 2019). The determined D value ranged from 2 ≤ D < 3, 
with higher D values corresponding to rougher pore surfaces 
and more heterogeneous pore size distributions (Wang et al. 
2022a). Both PFS and PFSBs demonstrated rough pore sur-
faces and heterogeneity in pore size distribution. The pore 
size distributions of PFS and PFSBs were assessed via non-
local density functional theory (NLDFT), drawing on BET 

data. Figure 1(b) displays the pore size distributions for each 
sample. PFS possessed a comparatively wide pore size dis-
tribution from 1–90 nm. Following pyrolysis, the pore sizes 
became increasingly concentrated below 40 nm. Although 
PFSB–450 and PFSB–600 did not display significant altera-
tions in pore size distribution compared to PFSB–300, both 
exhibited an increased total pore volume. For PFSB–750, 
the pore size sharply diminished and was concentrated under 
2 nm, coinciding with an almost tenfold increase in pore 
volume.

The contents of C, N, H, and S in both PFS and PFSB 
were determined, and the H/C ratio was calculated. The find-
ings are shown in Table 1. In comparison with PFS, PFSB 
demonstrated an increase in C content and a reduction in 
H content as the pyrolysis temperature rose. This behavior 
is ascribed to the intensification of the carbonization pro-
cess, which results from dehydrogenation reactions occur-
ring during pyrolysis (Fan et al. 2022). All PFSB samples 
obtained at various pyrolysis temperatures had H/C ratios 
below 0.7, fulfilling the classification criteria for biochar set 
by the international biochar initiative (IBI) and the European 
biochar certificate (EBC) (Balmuk et al. 2023). The H/C 
ratio serves as an indicator of the extent of thermochemi-
cal transformation that biomass undergoes during pyroly-
sis, where a lower H/C value reflects greater aromaticity 
(Xu et al. 2021; Wang et al. 2022b). Furthermore, a higher 
C/N ratio is also indicative of increased aromaticity in bio-
char (Das et al. 2021). The H/C ratio for PFSB decreased as 
pyrolysis temperature increased. These findings demonstrate 
that higher pyrolysis temperatures enhance carbonization, 
result in the loss of polar functional groups, and promote the 
development of a more stable aromatic structure in PFSB 
(Das et al. 2021).

The major elemental compositions of PFS and PFSBs, 
determined by XRF analysis, are shown in Table 1. The pri-
mary elements detected in both PFS and PFSBs included C, 
K, Ca, and P, with C as the predominant component. With 
increasing pyrolysis temperature, the contents of K, Ca, and 
P displayed a clear upward trend. The concentrations of cati-
ons leached from PFS and PFSBs are quantified in Table 1. 
Among the leached cations, K+ was the most prevalent in all 
analyzed samples. An elevation in cation concentrations was 
observed as the pyrolysis temperature of PFSB increased. 
Cations such as K+, Ca2+, Mg2+, and Al3+ remain in the 
biochar matrix either through direct electrostatic attraction 
or as complexes formed with carboxyl and hydroxyl groups 
(Lu et al. 2023). These cations contribute to ion-exchange 
adsorption mechanisms, which enhance the capability for Cd 
adsorption (Wu et al. 2019; Gao et al. 2023).

Weight loss of PFS during pyrolysis was assessed via 
TGA/DTG, and the findings are displayed in Fig. 1(c). Dur-
ing pyrolysis, PFS underwent distinct weight loss phases 
at characteristic temperatures, attributed to progressive 
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decomposition of its constituents. Weight loss detected in 
the 50–180 °C range resulted from the evaporation of water 
retained in PFS (Rasapoor et al. 2020). The majority of PFS 
weight loss, exceeding 60% of the total, occurred between 
200–400 °C. This temperature interval corresponds to the 
decomposition of hemicellulose and cellulose (de Paula 
Protásio et al. 2022). The most pronounced decomposition 
of hemicellulose and cellulose occurs from 200 to 350 °C, 
although cellulose continues to degrade, to a lesser extent, 
up to 500 °C (Pasumarthi et al. 2024). Moreover, a minor yet 
continuous weight loss observed above 400 °C was associ-
ated with lignin decomposition (Mishra et al. 2025).

Functional groups of PFS and PFSBs were character-
ized using FT–IR spectroscopy. Representative peaks are 
displayed in Fig. 1(d). The feedstock PFS showed distinct 
FT–IR peaks assigned to specific functional groups, which 
differed from those of PFSB. The peak at 3339 cm− 1 is asso-
ciated with O–H stretching, attributed to water present in 
PFS (Tomczyk et al. 2020). The signal at 2923 cm−1 was 
linked to alkyl –CH– stretching vibrations, indicative of 
cellulose and hemicellulose presence (Chen et al. 2020). A 
peak at 1736 cm− 1, assigned to –C = O stretching, reflected 
the presence of hemicellulose (Vikraman et al. 2021). The 
band observed at 1033 cm− 1 within the 1100–1000 cm− 1 
region corresponded to C–O stretching vibrations of hemi-
cellulose (Waqas et al. 2018). In contrast, these peaks were 
absent in PFSB, which was attributed to water loss and the 
thermal degradation of hemicellulose and cellulose during 
pyrolysis. This process facilitates the evolution of hydro-
gen and oxygen as CO2 and CH4 (Khiari et al. 2020). This 
observation is consistent with TGA results, demonstrating 
the breakdown of hemicellulose and cellulose beginning at 
200 °C. The peak at 1575 cm−1 detected in PFS, PFSB–300, 
and PFSB–450 corresponds to the aromatic skeletal stretch-
ing (C = C) of lignin (Rechberger et al. 2019; Li et al. 2020). 
The disappearance of this peak in PFSB–600 and PFSB–750 
indicates that lignin undergoes decomposition at pyrolysis 
temperatures above 600 °C. The 1390 cm− 1 peak observed 
in PFSB–300, PFSB–450, and PFSB–600 is attributed to the 
C = C bond of carboxyl groups (Abdel-Rhman et al. 2023; 
Chang et al. 2024). The intensity of this band progressively 
decreased with increasing pyrolysis temperatures from 300 
to 600 °C. Distinct peaks detected exclusively in PFSB–600 
and PFSB–750 at 2115 cm− 1 and 668 cm− 1 were assigned to 
C≡C and C = C groups, respectively, suggesting the devel-
opment of aromatic carbon structures (Kolesnikov et al. 
2022; Thangaraj et al. 2024). The unique peak at 870 cm− 1 

observed only in PFSB–450 is ascribed to C–O–O stretch-
ing, reflecting the existence of oxygen-containing functional 
groups (Atta et al. 2022). The influence of these oxygen-
containing functional groups on Cd adsorption is examined 
in Sect. "Cd adsorption mechanism".

The Cd adsorption performance of PFS and PFSB syn-
thesized at various pyrolysis temperatures was investigated. 
The results are shown in Fig. 2. A notable enhancement in 
Cd adsorption capacity was recorded as the pyrolysis tem-
perature increased from 300 to 450 °C. However, when the 
pyrolysis temperature surpassed 450 °C, both the adsorption 
capacity and removal efficiency exhibited minimal further 
improvement. Consequently, PFSB–450, produced at a com-
paratively lower temperature, is more advantageous for Cd 
removal than PFSB–600 and PFSB–750, as it offers similar 
removal efficiency with reduced energy consumption.

Although PFSB–750 exhibited the highest specific sur-
face area among all evaluated samples, it did not lead to a 
substantial improvement in Cd removal. While a high sur-
face area typically provides increased active sites for adsorp-
tion (Liu et al. 2022b), these results indicate that surface area 
is not the primary determinant of Cd adsorption capacity 
in biochar. Other factors, including the nature of surface 
functional groups, electrostatic forces, and ion exchange 
capacity, likely exert greater influence (Yuan et al. 2020). 
Earlier research also documented improved Cd adsorption 
even with reduced surface area, which was attributed to 
increased surface complexation and stronger electrostatic 
interactions (Liu et al. 2023). Sect. "Cd adsorption mecha-
nism" (Cd adsorption mechanism) provides a more detailed 
discussion of factors affecting Cd adsorption.

Kinetic and isotherm experiments on Cd adsorption 
by PFSB–450

PFSB–450, identified as the most effective adsorbent for Cd 
removal, was chosen for further batch adsorption experi-
ments. The outcomes of the kinetic adsorption studies 
performed with PFSB–450 are illustrated in Fig. 3(a). A 
marked increase in Cd adsorption occurred during the first 
3 h of contact, after which the adsorption rate progressively 
declined as equilibrium was approached. In order to charac-
terize the kinetic Cd adsorption behavior of PFSB–450, the 
PFO, PSO, Elovich, and IPD models were utilized. Model 
fitting results are provided in Fig. 3(a,b), with their cor-
responding calculated parameters presented in Table S3. 
The PFO model is based on the assumption that physical 
diffusion, dependent on the pollutant concentration, is the 
primary rate-limiting step (Vareda 2023), while the PSO 
and Elovich models suggest that chemisorption dictates 
the main rate-limiting step in the adsorption process (Chen 
et al. 2022; Gao et al. 2023). The Cd adsorption capacity 
predicted by the PSO model (68.85 mg/g) was the closest 

Fig. 1   (a) FE–SEM images depicting surface morphology, (b) Pore 
size distributions of PFS and PFSB generated at various pyrolysis 
temperatures, (c) TGA/DTG profiles specifically for PFS, and (d) FT–
IR spectra of PFS and PFSB produced under different pyrolysis tem-
perature conditions

◂
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Fig. 2   Cd adsorption of PFS and PFSB at different pyrolysis tempera-
tures

Fig. 3   (a) Impact of reaction time on Cd adsorption by PFSB–450 
(PFO: pseudo-first-order, PSO: pseudo-second-order), (b) Applica-
tion of the intraparticle diffusion model for Cd adsorption by PFSB–
450
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to the experimentally observed value (71.95 mg/g). Evalu-
ating the coefficient of determination (R2) revealed that 
the best-fitting order for Cd adsorption by PFSB–450 was 
Elovich > PSO > PFO. These data further support that the 
adsorption rate of Cd was predominantly influenced by 
chemisorption.

Adopting the method proposed by Wang and Guo (2020), 
the kinetic constants k1 (PFO, 1/h) and k2 (PSO, g/mg·h) 
were standardized to enable consistent comparison of 
adsorption rates across different reaction periods. A sub-
stantial increase in adsorption rate was recorded as the con-
tact time grew from 0.25 h (k1: 73.60 g/mg·h; k2: 38.09 g/
mg·h) to 0.5 h (k1: 75.72 g/mg·h; k2: 1056.49 g/mg·h), with 
the PSO rate displaying a particularly pronounced escala-
tion. Subsequently, both rates steadily decreased to zero after 
3 h, signifying that adsorption equilibrium had been reached. 
These results are consistent with experimental evidence indi-
cating that equilibrium was achieved within 3 h.

The IPD model was categorized into three stages 
(0.25–1 h, 1–6 h, and 6–24 h), as depicted in Fig. 3(b). For 
all tested conditions, R2 values were above 0.85, demon-
strating that Cd adsorption by PFSB–450 was effectively 
described by the model. Since the fitted lines did not inter-
sect the origin, intraparticle diffusion could not be consid-
ered the sole rate-limiting step (Wu et al. 2022). The slope 
(ki) declined with longer reaction times, and the relatively 

low ki value during 6–24 h indicates that adsorption became 
slower in the final stage.

Isotherm adsorption data as a function of initial Cd con-
centration as well as the fitting results for the Langmuir and 
Freundlich models are shown in Fig. S1. Parameters derived 
from model fitting are provided in Table S4. At an initial 
Cd concentration of 300 mg/L, the Cd adsorption capacity 
of PFSB–450 reached equilibrium, with an experimental 
maximum adsorption capacity of 75.74 mg/g. The maxi-
mum Cd adsorption capacity predicted by the Langmuir 
model (72.97 mg/g) fell within the experimental equilib-
rium range (69.81–75.74 mg/g). Furthermore, the Langmuir 
model exhibited a higher R2 value compared to the Freun-
dlich model, indicating its superior fit for the Cd adsorption 
characteristics of PFSB–450. The Langmuir model posits 
that adsorption takes place as a monolayer on a surface with 
uniform adsorption energy (Liu et al. 2022c). Additionally, 
in the Freundlich model, 1/n reflects surface heterogeneity, 
where 0 < 1/n < 1 signifies a favorable adsorption process 
(Debnath and Das 2023). As such, Cd adsorption onto avail-
able PFSB–450 adsorption sites likely occurs predominantly 
in a monolayer and under favorable conditions.

The Cd adsorption capacity of PFSB–450 was evaluated 
and compared with other biochar-based adsorbents docu-
mented in previous research. The outcomes are presented 
in Table 2. Among the 13 biochars assessed, PFSB–450 

Table 2   Comparison of maximum Cd adsorption capacities using various biochars reported in previous studies

Adsorbent Qm (mg/g) Pyrolysis 
temperature 
(°C)

Modified pH Dose (g/L) Synthetic/Actual 
wastewater 
(Removal %)

Reference

Hen manure biochar 302.00 700 - - 1.67 Synthetic (Lee et al. 2024b)
Thermally activated Fenton 

sludge
260.20 900 - 5 1.00 Actual (98.4%) (Cho et al. 2023b)

S. europaea-derived 
biochar

108.54 - - 6 0.67 Synthetic (Ge et al. 2024)

Biochar modified with 
nano-MnOx

108.20 500 Nano-MnOx 6 3.30 Synthetic (Zhou et al. 2024)

Biochar modified with 
silicate (5:1)

79.66 500 Na2SiO3·9H2O 1 6.00 Synthetic (Zhou et al. 2024)

Biochar modified with 
MgCl2

78.50 600 MgCl2 5 2.00 Synthetic (Zhang et al. 2021)

PFSB–450 72.97 450 - 6 3.33 Actual sample
(80.84%)

This research

Poultry manure-derived 
biochar

60.39 600 - - 3.33 Actual sample
(42.93%)

(Lee et al. 2024c)

Magnetic biochar derived 
from cow manure

58.80 800 FeCl3 and FeCl2-modified - 5.00 Synthetic solution (Li et al. 2024)

Biochar produced from 
straw

41.26 500 - 6 3.30 Synthetic solution (Zhou et al. 2024)

Biochar from corn straw 38.08 500 Na2SiO3-modified 6 2.50 Synthetic (Kang et al. 2024)
Z. mays biochar 14.69 - - 6 0.67 Synthetic (Ge et al. 2024)
Unmodified biochar 3.72 500 - 1 6.00 Synthetic (Zhou et al. 2025)
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was ranked seventh in terms of Cd adsorption capacity. If 
chemically modified biochars are excluded, PFSB–450 ranks 
fourth. Remarkably, PFSB–450 demonstrated comparable or 
enhanced Cd adsorption capacity relative to some chemi-
cally treated biochars, despite not utilizing chemical addi-
tives. This underscores its simpler production method and 
reduced environmental impact. Additionally, as PFSB–450 
is solely produced from agricultural residue via pyrolysis, it 
presents a cost-effective, efficient, and sustainable approach 
attributable to its straightforward thermal conversion pro-
cess. The exclusive use of agricultural waste as feedstock 
also lessens societal concerns and potential health risks 
associated with biochars made from livestock manure or 
industrial waste, thereby increasing its suitability for wider 
environmental applications.

Reusability and cost‑effectiveness of PFSB–450 
as a Cd adsorbent

The reusability of PFSB–450 was tested over three con-
secutive adsorption–desorption cycles, and the respective 
Cd adsorption and desorption values are illustrated in Fig. 
S2. Compared to the initial cycle, Cd adsorption dropped 
by 90.1% in the second cycle and by 98.6% in the third, 
revealing a significant reduction in adsorption efficiency 
with repeated use. Given this considerable decline in capac-
ity after regeneration, the reuse of PFSB–450 is not advis-
able. Despite its low potential for regeneration, PFSB–450 
remains suitable for direct application as an adsorbent, as it 
can be abundantly produced from agricultural by-products 
through low-temperature pyrolysis. These properties support 
its practicality for water treatment applications, eliminating 
the need for complicated regeneration procedures.

Given the restricted reusability of PFSB–450, its primary 
practical advantage is in single-use applications. Only about 
10% of the initial adsorption capacity was retained follow-
ing regeneration, and additional expenses would arise from 
wastewater generated through the regeneration process. Since 

PFSB–450 is produced solely through pyrolysis without chem-
ical additives and requires only thermal energy, it qualifies as 

Fig. 4   Mapping image depict-
ing the distribution of Cd on 
the surface of Cd-adsorbed 
PFSB–450 (Cd_PFSB–450)

Fig. 5   (a) C 1 s and (b) Cd 3d XPS spectra of PFSB–450 and PFSB–
450 following Cd adsorption
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a cost-effective adsorbent. The estimated production cost of 
PFSB–450 is based on electricity consumption (6.4 kWh = 733 
KRW) per pyrolysis batch, processing 100 g of PFS as feed-
stock. Pyrolyzing 100 g of PFS at 450 °C for 1 h yielded 45 g 
of PFSB–450. Therefore, the total production cost for 1 kg of 
PFSB–450 was calculated to be approximately 16,289 KRW 
(equivalent to 11.8 USD), with potential for cost reduction 
through scaling up and optimizing the process.

Cd adsorption mechanism

Surface morphology alterations of Cd-adsorbed PFSB–450 
(Cd_PFSB–450) were investigated, and the distribution of Cd 
was characterized using EDS and mapping techniques (Fig. 4). 
The initially rough surface of PFSB–450 became noticeably 
smoother following Cd interaction. EDS mapping indicated 
that Cd was homogeneously distributed over the PFSB–450 
surface.

Cd was exclusively observed in Cd_PFSB–450, with a 
quantified Cd content of 9.5% (Table S5). This result verifies 
Cd adsorption onto PFSB–450. Furthermore, comparison of 
leached cation concentrations between PFSB–450 and Cd_
PFSB–450 revealed decreases in all cations post Cd adsorption 
except for Na+ (Table S5). The observed variation in cation 
concentrations before and after Cd adsorption indicates that 
K+ and Ca2+ were exchanged with Cd2+ via electrostatic inter-
actions. Ion exchange mechanisms involving K+ and Ca2+ 
being substituted by Cd2+ are represented in Eqs. (1) and (2) 
(Cho et al. 2023b; Lee et al. 2024c):

The C 1 s XPS spectrum was deconvoluted into three 
distinct peaks attributed to C = C (284.6  eV), C–O 
(285.45 eV), and O–C = O (288.0 eV) (Liu et al. 2022a), 
with no significant spectral changes after Cd adsorption 
(Fig. 5). In contrast, a reduction in the intensity of peaks 
associated with K 2p was observed for Cd_PFSB–450 (Lee 
et al. 2024d). Additionally, the measured K content dra-
matically decreased from 8.76 to 0.56%, supporting the 
conclusion that ion exchange and electrostatic attraction 
were primary mechanisms facilitating Cd2+ uptake. In the 
Cd 3d XPS spectra (Fig. 5), newly emergent peaks corre-
sponding to Cd–O (406.8 and 413.5 eV) and Cd–π (405.6 
and 412.4 eV) interactions appeared in Cd_PFSB–450 
(Cheng et al. 2021), indicating that the aromatic structure 
of PFSB–450 contributed to the adsorption of Cd2+. The 
chemical equations for Cd adsorption via Cd–O (Tan et al. 
2022) and Cd–π (Teng et al. 2020) are outlined below:

(1)PFSB−450 ≡ 2K
+ + Cd

2+
→≡ Cd

2+ + 2K
+

(2)PFSB−450 ≡ Ca
2+ + Cd

2+
→≡ Cd

2+ + Ca
2+

(3)C−O−H + Cd
2+

→ C−O−Cd+ + H
+

The Cd adsorption mechanism of PFSB–450 involves 
multiple processes, including electrostatic attraction, ion 
exchange, and chemical complexation. The observed reduc-
tions in K+ and Ca2+ concentrations in PFSB–450, along 
with the formation of Cd–O and Cd–π bonds, provide evi-
dence that Cd2+ can substitute for native cations via ion 
exchange and associate with oxygen-containing and aromatic 
functional groups. The presence of oxygen-containing and 
aromatic functional groups in PFSB–450 was verified by its 
FT–IR spectrum, which exhibited characteristic peaks cor-
responding to aromatic skeletal stretching originating from 
lignin and C–O–O bonds indicative of oxygen-containing 
functional groups. In general, an increased surface area con-
tributes to enhanced adsorption by providing a greater num-
ber of available adsorption sites (Leng et al. 2021). Nonethe-
less, despite PFSB–750 having the highest specific surface 
area, it did not demonstrate a higher Cd adsorption capacity 
compared to PFSB–450. This indicates that Cd adsorption 
by PFSB–450 is influenced predominantly by electrostatic 
interactions, ion exchange via cation replacement, and bind-
ing to oxygen-containing and aromatic functional groups 
rather than by surface area alone.

Response surface methodology for Cd adsorption 
by PFSB–450

The optimal conditions for applying PFSB–450 to actual zinc 
smelter wastewater were established using RSM analysis 
with the Box–Behnken design model. The polynomial model 
generated from the RSM analysis was formulated in terms 
of the Cd removal percentage (%):

The developed polynomial model was evaluated using 
ANOVA. These results are detailed in Table 3. In ANOVA, 
a high F-value and a p-value less than 0.05 confirm that the 
model is statistically significant and dependable (Nguyen 
et al. 2024). For the developed model, an F-value of 33.78 
and a p-value less than 0.0001 were obtained, demonstrating 
its statistical relevance in predicting Cd removal with the 
chosen variables. The experimental data yielded an R2 of 

(4)2C−COOH + Cd
2+

→ (C−COO)2Cd + 2H
+

(5)C−� + Cd
2+

→ C−� ⋅ ⋅ ⋅ Cd
2+

�(%) = 36.23 + 17.54X
1
+ 10.79X

2

+ 3.06X
3
+ 0.18X

4
+ 7.04X

1
X
2

+ 2.33X
1
X
3
+ 0.18X

1
X
4

+ 1.23X
2
X
3
− 0.50X

2
X
4
− 0.27X

3
X
4

+ 2.96X
2

1
+ 1.00X

2

2
− 1.23X

2

3
− 0.63X

2

4
(6)
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0.971 and a predicted R2 of 0.943, both values being close 
to 1, thus signifying a strong correspondence between the 
experimental and predicted data (Polat and Sayan 2019). The 
R2 value from ANOVA (0.971) indicated that 97.1% of the 
overall variance was accounted for by the model, with only 
2.9% unexplained (Sahu et al. 2018). As the gap between 
the predicted R2 (0.943) and the adjusted R2 (0.852) was 
0.09—well within the acceptable limit of less than 0.2—
the model was determined to be reliable for predicting Cd 
removal (Igwilo et al. 2022). The signal-to-noise ratio for 
Cd removal using PFSB–450 was 23.06, which confirms 
that the model can effectively discriminate within the design 
space since values above 4 reflect good model discrimina-
tion ability (Alrefaee et al. 2023). Furthermore, a lack of fit 
p-value greater than 0.05 demonstrated that the polynomial 
model provided an adequate fit to the experimental data for 
Cd removal (Narzari et al. 2024).

The independent variables examined in the experiments 
were the dose of PFSB–450 (X1, g/L), pH of the industrial 
wastewater (X2), reaction time (X3, h), and reaction tempera-
ture (X4, °C). These variable values are provided in Table S2. 
The statistical significance of each independent variable 
based on ANOVA is presented in Table 3. The response 
surface curve and contour plots were generated by assign-
ing a coded value of 0 (central point) for two independent 
variables, while varying the values of the other two variables 
within the developed model (Fig. 6). As shown by ANOVA, 
the p-values for X1 (dose of PFSB–450), X2 (pH of the indus-
trial wastewater), and X3 (reaction time) were less than 0.05, 
indicating that these variables had statistically significant 

effects. Moreover, the interactions X1X2 and X1
2 also exhib-

ited p-values below 0.05, signifying a significant relation-
ship. In contrast, the p-value for X4 (reaction temperature) 
was greater than 0.05, indicating its effect on Cd removal 
was not statistically significant.

The contour plot in Fig. 6(a) demonstrates that increas-
ing both the dose (X1) and pH (X2) led to higher Cd removal 
percentage, exceeding 70%. In Fig. 6(b), a higher dose (X1) 
combined with increased reaction time (X3) resulted in over 
60% Cd removal efficiency, especially at a dose near 39 g/L 
and a reaction time of 7 h. In Fig. 6(c), the Cd removal per-
centage showed no substantial change as X4 varied; however, 
Cd removal increased with higher dose (X1). Analysis of the 
contour plots identified optimal conditions for maximizing 
Cd removal as a PFSB–450 dose of 39.97 g/L, pH 6, reac-
tion time of 7.94 h, and reaction temperature of 23.16 °C, 
which yielded a maximum Cd removal efficiency of 80.84%.

The signs of the coefficients in the developed model indi-
cated whether each variable was positively or negatively cor-
related with the response (Mohammad et al. 2019). Notably, 
the independent variable X1 (dose of PFSB–450) showed 
a positive coefficient, indicating a direct correlation with 
the percentage of Cd removal. This trend is attributed to 
the increased availability of active adsorption sites with 
higher doses, which enhances Cd removal efficiency (Gu 
et al. 2021).

The independent variable X2 (pH of industrial 
wastewater) demonstrated a positive association with Cd 
removal efficiency, as indicated by the positive coefficient 
observed in the constructed model. pH plays a crucial role in 

Table 3   Results of the analysis 
of variance (ANOVA) for the 
quadratic model of Cd removal 
by PFSB–450

Source Sum of Squares df Mean Square F-value p-value (Prob > F)

Model 5518.13 14 394.15 33.78  < 0.0001
X1 3692.70 1 3692.70 316.51  < 0.0001
X2 1396.38 1 1396.38 119.69  < 0.0001
X3 112.04 1 112.04 9.60 0.0078
X4 0.40 1 0.40 0.03 0.8556
X1X2 198.37 1 198.37 17.00 0.0010
X1X3 21.81 1 21.81 1.87 0.1931
X1X4 0.12 1 0.12 0.01 0.9196
X2X3 6.07 1 6.07 0.52 0.4827
X2X4 1.01 1 1.01 0.09 0.7734
X3X4 0.28 1 0.28 0.02 0.8783
X1

2 56.85 1 56.85 4.87 0.0445
X2

2 6.47 1 6.47 0.55 0.4689
X3

2 9.74 1 9.74 0.83 0.3765
X4

2 2.55 1 2.55 0.22 0.6476
Residual 163.34 14 11.67
Lack of Fit 139.37 10 13.94 2.33 0.2159
Pure Error 23.97 4 5.99
Corrected Total 5681.46 28



Applied Water Science            (2026) 16:2 	 Page 13 of 17      2 

heavy metal adsorption, including Cd, because it influences 
the surface charge of the adsorbent, the extent of metal 
ionization, and competition with ions present in the solution 
(Kwikima et al. 2021). As such, pH optimization is essential 
for achieving effective Cd removal from industrial effluents 
(Pal and Pal 2017). At lower pH values, PFSB–450 surfaces 
exhibit increased positive charge, resulting in enhanced 
competition with Cd2+ ions and subsequently lower removal 
efficiencies (Kwikima et al. 2021). Conversely, higher pH 
levels render the adsorbent surface more negatively charged, 
thereby strengthening electrostatic attraction and increasing 
the adsorption of Cd2+ ions (Kayranli 2022).

Reaction time (X3) has a positive impact on Cd removal 
efficiency, with extended contact periods between Cd ions 
and the PFSB–450 surface resulting in greater adsorption. 
Initially, rapid adsorption occurs because of the large num-
ber of available active sites and a steep concentration gra-
dient (Othmani et al. 2022). Over an extended period, the 
continual occupation of adsorption sites leads to a decrease 
in adsorption rate and ultimately to equilibrium (Awual et al. 
2018). The RSM analysis determined the optimal contact 

time for maximum Cd removal to be 7.94 h. This dura-
tion was longer than the 3 h contact time required to reach 
equilibrium, as determined from the kinetic experiments 
(Sect. "Kinetic and isotherm experiments on Cd adsorption 
by PFSB–450"). The increased adsorption duration needed 
for the RSM experiment is likely due to the use of authentic 
zinc smelter wastewater, where interfering ions and complex 
components may have postponed the attainment of adsorp-
tion equilibrium compared to the more controlled conditions 
in the kinetic study.

Conclusions

This study established a sustainable approach for cadmium 
remediation by converting Perilla frutescens stems, an 
agricultural residue typically discarded or burned in open 
fields, into a functional biochar adsorbent. Importantly, 
straightforward pyrolysis at 450 °C without subsequent 
chemical modification produced a biochar (PFSB–450) 
with high efficiency for Cd removal. Distinct from 

Fig. 6   Response surface methodology (RSM)-derived model illustrat-
ing Cd removal by PFSB–450. The figure presents three-dimensional 
response surface curves and corresponding contour plots for the fol-
lowing variable pairs: (a) Dose of PFSB–450 versus pH of industrial 

wastewater, (b) Dose of PFSB–450 versus reaction time, (c) Dose of 
PFSB–450 versus reaction temperature, (d) pH of industrial wastewa-
ter versus reaction time, (e) pH of industrial wastewater versus reac-
tion temperature, and (f) reaction time versus reaction temperature
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previous research relying on synthetic solutions, this 
study validated the effectiveness of PFSB–450 using real 
zinc smelter wastewater, thereby enhancing the practical 
significance and applicability of the findings.

PFSB–450 displayed advantageous physicochemical 
characteristics, such as a high C/N ratio, low H/C ratio, 
substantial porosity, and a rich presence of oxygen-con-
taining functional groups, all of which contributed sig-
nificantly to its enhanced Cd adsorption capacity. The 
adsorption processes were accurately characterized by 
both Elovich and Langmuir models, indicating dominant 
chemisorption and monolayer adsorption mechanisms. 
Mechanistic investigation revealed that electrostatic attrac-
tion, ion exchange, and complexation with oxygen-bearing 
and aromatic groups (via Cd–O and Cd–π interactions) 
were central removal mechanisms. Additionally, response 
surface methodology demonstrated that adsorbent dose, 
pH level, and contact time had significant impacts on 
Cd removal, whereas temperature showed not influence. 
Under optimal conditions, PFSB–450 reached a maximum 
Cd removal efficiency of 80.84% in actual zinc smelter 
wastewater.

Compared to other biochar-based adsorbents documented 
in the literature, PFSB–450 delivered comparable or better 
adsorption performance for Cd without the need for chemi-
cal modifications or pretreatments, emphasizing its opera-
tional simplicity, cost-effectiveness, and suitability for envi-
ronmental application. These results reveal the combined 
benefits of addressing both agricultural waste disposal and 
industrial wastewater treatment, thus providing substantial 
environmental advantages. Overall, this work proposes an 
innovative, affordable, and scalable strategy that aligns with 
circular economy principles, and positions PFSB–450 as a 
promising material for large-scale wastewater treatment with 
both ecological and economic merit.
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