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Abstract: Biochar, an eco-friendly, porous carbon-rich material, is widely studied for immobilizing
heavy metals in contaminated environments. This study prepared tobacco stalks, a typical agricultural
waste, into biochar (TSB) modified by hydroxyapatite (HAP) at co-pyrolysis temperatures of 350 °C
and 550 °C to explore its Cd(II) adsorption behavior and relevant mechanisms. XRD, SEM-EDS,
FTIR, and BET analyses revealed that HAP successfully incorporated onto TSB, enriching the surface
oxygen-containing functional groups (P-O and carboxyl), and contributing to the enhancement
of the specific surface area from 2.52 (TSB350) and 3.63 m?2/ g (TSB550) to 14.07 (HAP-TSB350)
and 18.36 m?/ g (HAP-TSB550). The kinetics of Cd(II) adsorption onto TSB and HAP-TSB is well
described by the pseudo-second-order model. Isotherm results revealed that the maximum adsorption
capacities of Cd(II) on HAP-TSB350 and HAP-TSB550 were approximately 13.17 and 14.50 mg/g,
2.67 and 9.24 times those of TSB350 and TSB550, respectively. The Cd(Il) adsorption amounts on
TSBs and HAP-TSBs increased significantly with increasing pH, especially in HAP-TSB550. Ionic
strength effects and XPS analysis showed that Cd(II) adsorption onto HAP-TSBs occurred mainly via
electrostatic interaction, cation exchange with Ca?*, complexation with P-O and -COOH, and surface
precipitation. These findings will provide a modification strategy for the reutilization of tobacco
agricultural waste in the remediation of heavy metal contaminated areas.
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1. Introduction

As industries and agriculture progress rapidly, anthropogenic activities such as inten-
sive mining, extensive industrial waste emissions, and the liberal application of agrochemi-
cals frequently occur [1]. Poor management practices associated with these activities can
inadvertently release heavy metals into the environment, particularly into aquatic and soil
systems, thereby aggravating the serious problem of heavy metal pollution [2,3]. Cadmium
(Cd), in particular, is acknowledged internationally for its high toxicity among heavy met-
als. It exhibits extreme environmental mobility and is frequently found in concentrations
exceeding the standard limit, presenting a substantial threat to human health by causing
kidney damage, bone demineralization, and increasing the risk of cancer [4,5]. Therefore,
the control and remediation of Cd contamination has attracted widespread attention.

Biochar, which is a carbon-enriched material obtained from the pyrolysis of biomass
under oxygen-restricted conditions, is characterized by its high structural stability, sub-
stantial specific surface area, elevated cation exchange capacity, and a plethora of oxygen-
containing functional groups [6,7]. These properties collectively confer upon biochar a
significant adsorptive capacity for heavy metals, positioning it as a viable and effective
agent for the amelioration of heavy metal pollution in soils and aquatic environments [8,9].
The sources of biomass for the production of biochar are diverse, including crop residues
(such as corn, rice, wheat, and tobacco stalks), garden waste (such as trimmings and fallen
leaves), animal manure, and plant residues [10]. China has the largest tobacco cultivation
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area in the world, spanning over 1.6 million hectares annually and generating an impressive
three to five million tons of tobacco stalk waste [11,12]. This tobacco stalk waste, which
poses a risk for the dissemination of diseases and insect pests, is precluded from use for
direct soil amendment, and thereby classified as a hazardous agricultural byproduct [13].
Current disposal methods—predominantly, leaving the waste in the fields or incinerating
it—are inefficient and contribute to environmental pollution and resource wastage [14].
Consequently, the pyrolysis of tobacco stalks into biochar offers an efficacious strategy
not only for the valorization of agricultural residues but also for the remediation of heavy
metal pollution, thereby enhancing the sustainable use of agricultural waste.

Currently, the adsorption effect of biochar alone is not ideal, and its application is still
limited by its limited surface functional groups and specific surface area [15]. Therefore,
the modification or functional regulation of biochar has become a research direction to
stimulate the structural advantages and promote the large-scale application of biochar [16].
Modification methods of biochar can be divided into physical methods (ball milling, steam-
ing, microwaving, etc.) [17-19], chemical methods (acid, alkali treatment, element doping,
and mineral loading, etc.) [20-23], and biological methods (microbial colonization, anaero-
bic digestion, etc.) [24,25]. Among the various approaches, the application of cost-effective,
high-performance minerals onto biochar is distinguished by its simplicity, affordability,
and superior adsorptive properties, typically outperforming other biochar modifications in
treatment efficacy [26].

Hydroxyapatite (HAP) is a favored adsorbent for its environmentally benign at-
tributes, including non-toxicity, affordability, and minimal water solubility [27]. It has
been extensively documented for its robust heavy metal adsorption capacity, which is
ascribed to mechanisms such as ion exchange, surface complex formation, and dissolution—
precipitation [26,28]. However, the high surface energy of HAP can result in aggregation,
thereby potentially reducing its adsorptive efficiency [29]. Consequently, the integration of
hydroxyapatite onto biochar to fabricate enhanced adsorbents has emerged as a focal point
of research interest [26-28,30]. For example, Wang et al. (2018) found that HAP-modified
rice straw-derived biochar exhibited more efficient adsorption for Pb(II), Cu(Il), and Zn(II)
compared to the raw biochar and HAP [29]. Chen et al. (2021) observed that HAP formed
on sludge-based biochar showed excellent adsorption capacity for Cu(Il) and Cd(Il), using
interfacial processes including ion exchange, surface complexion, and Cd-7t or Cu-7r surface
binding [26]. Luo et al. (2022) also found that when HAP and biomass (wheat straw and
dairy cow manure) were mixed and underwent co-pyrolysis under an N, atmosphere, they
showed more Pb/Cd immobilization compared with the pristine biochar [27]. Although
studies report similar results more and more, the type of biomass and the temperature
and method of pyrolysis into biochar will also produce obvious differences in the physical
and chemical properties and adsorption performance [16]. At present, research on the
interfacial adsorption behavior of Cd(Il) and its related mechanism in tobacco stalk-derived
biochar (TSB) with HAP modification (HAP-TSB) is still lacking. Elucidating the role of
HAP-TSB in modulating the mobility and bioavailability of heavy metals is crucial for
devising strategies aimed at remediating specific kinds of environmental contamination
and enhancing soil or water quality, thereby facilitating ecological restoration.

In our investigation, we selected tobacco stalks as the feedstock to synthesize a novel
carbon-based composite material through co-pyrolysis at two different temperatures with
hydroxyapatite. The microstructure and surface physicochemical properties of the syn-
thesized materials were measured by employing scanning electron microscopy—energy
dispersive spectroscopy (SEM-EDS), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), etc. Subsequent batch adsorption experiments were meticulously
designed to explore the adsorption performance and behavior of Cd(II) on the TSBs and
HAP-TSBs, encompassing studies on adsorption isotherms, kinetics, the influence of pH,
and ionic strength. On this basis, X-ray photoelectron spectroscopy (XPS) was then em-
ployed to further reveal the interfacial interaction mechanisms of Cd(II) on the TSBs and
HAP-TSBs surfaces. This study seeks to provide theoretical foundations and actionable
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strategies to facilitate the full resource utilization of tobacco stalk waste, specifically target-
ing the remediation of cadmium pollution in both water and soil environments.

2. Materials and Methods
2.1. Experimental Materials

Tobacco stalk waste was collected from Guizhou Province, China, and subjected to
rigorous cleaning using deionized water to eliminate residual soil and dust. Next, the
biomass was dried in an oven at a temperature of 60 °C, crushed, and then stored for use
in subsequent experiments and measurements. Hydroxyapatite powder (>97% purity)
and cadmium chloride (>99% purity) were procured from Macklin (Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China). In addition, 1 M HCl and 1 M NaOH were
employed to regulate the pH of the reaction system, while HNO; (5 wt%) was applied for
the acidification of solution samples.

2.2. Tobacco Stalk-Derived Biochar and Its Modified Materials Preparation

Preparation of the tobacco stalk-derived biochar (TSB): The pretreated tobacco stalks
were enclosed in aluminum foil and positioned inside a tubular furnace under a continuous
nitrogen flow of 200 mL/min. The furnace temperature was ramped up to 350 °C and
550 °C at a heating rate of 10 °C /min, respectively, and then sustained for 2 h. After natural
cooling, the TSB was pulverized, passed through a 100 mesh sieve, and stored in sealed
bags under vacuum conditions for preservation. The two samples were labeled as TSB350
and TSB550, respectively.

Preparation of the hydroxyapatite modified biochar (HAP-TSB): TSB and HAP were
homogeneously mixed in an aqueous solution at a weight ratio of 5:1 (w:w), after which
the mixture was dried in an oven at a temperature of 60 °C until the moisture content was
reduced to nearly 0% [27]. This specific ratio was chosen based on a review of previous
studies and literature [31], balancing considerations for effectiveness and cost-efficiency.
Subsequently, the mixture was transferred into a tubular furnace with a nitrogen atmo-
sphere for pyrolysis. The pyrolysis conditions and subsequent treatment of the obtained
composite were prepared through the established procedures for tobacco stalk biomass
(TSB). The resulting functionalized biochar samples, derived from pyrolysis at specific
temperatures, were designated as HAP-TSB350 and HAP-TSB550, respectively.

2.3. Batch Adsorption Experiment

To assess the adsorption performance of the prepared adsorbents for Cd(Il) ions, a
series of parameters were systematically investigated, including the initial concentration of
Cd(II), contact time, pH, and ionic strength. For the adsorption isotherm experiments, 40 mg
of each biochar and its modified samples were weighed and introduced into separate 30 mL
glass bottles. Then 20 mL aliquots of Cd(II) solutions with various initial concentrations
from 15 to 80 mg/L were added into their respective bottles. The adsorption process was
carried out at 25 °C with continuous agitation at a rate of 180 r/min for 24 h. Throughout the
experiment, the pH of the solutions were meticulously adjusted to a target value of 5.0 using
1 M HCI and NaOH solutions. After the reaction was completed, the supernatant was
separated by filtration using a 0.45 um polyether sulfone membrane filter. The filtered liquid
was then acidified with HNOj3 (5 wt%), and the Cd(II) contents in the filtrate were measured
with an atomic absorption spectrometer (AAS, model AA-6880, Shimadzu, Japan).

To ascertain the adsorption time effects, 400 mg of TSB and its modified samples were
individually introduced into 200 mL of Cd(II) solution at 20 mg/L, with the pH adjusted
to 5.0. The samples were then stirred using a magnetic stirrer set at 180 rpm to ensure
thorough mixing of the solid-liquid system. At each pre-specified time point (2, 5, 10, 20,
30, 60, 120, 360, 480, and 720 min), 2 mL of the supernatant was extracted and subsequently
passed through a 0.45 um polyether sulfone membrane, and the Cd(Il) concentration was
then measured according to the above-mentioned methods.
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To explore the influence of pH on the adsorption behavior of Cd(II) onto TSBs and
HAP-TSBs, the solution pH was systematically adjusted to 2.5, 3.0, 3.5, 4.0, 5.0, and 6.0, and
maintained using 1 M HCI and NaOH throughout the reaction. Ionic strength, including
0.01, 0.1, and 0.5 M NaCl, was selected in this study to elucidate the possible interfacial
adsorption pathway of Cd(II). Once the reaction reached equilibrium, the mixture was
filtered by employing a 0.45 um polyether sulfone filter membrane, after which the Cd(II)
concentration was then measured. To ensure the results were reliable, each experimental
condition was replicated three times, and the data analysis was based on the calculated
mean of these replicates.

2.4. Analytical Methods

The sorption capacity (Qe, mg/g) was derived from the calculation that incorporated
the initial concentration (Cp, mg/L) and the equilibrium concentration (Ce, mg/L) of the
ions. Additionally, the adsorbent dosage (m/V, g/L) within the adsorption system was
considered. The calculation was based on the following equation:

(CO — Cg) XV

R M)
To evaluate the adsorption capacity of the TSBs and HAP-TSBs, the experimental adsorp-
tion isotherm results were analyzed employing the Langmuir and Freundlich models [32,33].
Their corresponding equations are presented in Text S1 of the Supporting Information.
Additionally, the kinetic data obtained from the adsorption time studies are analyzed
employing pseudo-first-order and pseudo-second-order models to assess the nature of
interfacial interactions and adsorption efficiency [30]. The models are shown in Text S2
of the Supporting Information. These equations facilitate the determination of kinetic

parameters that describe the adsorption process.

2.5. Characterization of Experimental Samples

The crystalline phases of the synthesized TSBs and HAP-TSBs were characterized
using an X-ray diffractometer (XRD, D8 Advance, Bruker, Germany) with Cu Ko radiation
(A = 1.5418 A) conducted at 40 kV and 40 mA. The morphologies and microstructures
of the TSBs and HAP-TSBs were examined with a scanning electron microscope (SEM,
Carl Zeiss Microscopy, Miinchen, Germany) that was coupled with an energy dispersive
spectrometer (EDS). The specific surface areas of the TSBs and HAP-TSBs were analyzed
utilizing an AUTOSORB 1Q Quantchrome analyzer (Quantchrome, Boynton Beach, FL,
USA). The functional groups on the TSBs” and HAP-TSBs’ surfaces were identified using
Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer, Shelton, CT, USA). The
changes in surface chemical species, including C, O, and Cd elements, on the TSB and
HAP-TSB surface after Cd(Il) adsorption were ascertained using X-ray photoelectron
spectroscopy with a ULVAC-PHI analyzer (XPS, ULVAC-PHI, Incorporated, Tokyo, Japan),
which employed a monochromatic Al Ko X-ray (1486.6 eV).

3. Results and Discussions
3.1. Characterization of the Biochar with Modification

The crystal phase components of TSB and HAP-TSB were investigated by examining
their XRD patterns. As depicted in Figure 1a,b, the diffraction peaks corresponding to the
Whewellite phase are observable in TSB350. However, these peaks are nearly absent in
TSB550, with additional peaks corresponding to calcite becoming apparent. This suggests
that an increase in hydrolysis temperature facilitated a phase transformation. Furthermore,
the XRD patterns of both HAP-TSB350 and HAP-TSB550 exhibit distinct diffraction peaks
that can be attributed to the crystalline structure of hydroxyapatite (HAP). This observation
confirmed that HAP had been successfully incorporated onto the surfaces of the TSB.
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Figure 1. XRD patterns of HAP-TSB350 (a) and HAP-TSB550 (b), and their corresponding FTIR
analyses (c,d).

The surface functional groups of TSB and HAP-TSB were characterized employing
Fourier transform infrared (FTIR) spectroscopy. As shown in Figure 1c,d, the FTIR results
of both HAP-TSB350 and HAP-TSB550 reveal characteristic stretching vibration absorption
bands at 963, 1042, and 1094 cm~!, and bending vibration absorption bands at 568 and
609 cm~!, which correspond to P-O bonds. These findings indicate that the composite
materials were enriched with phosphorus-containing structures, as referenced in the lit-
erature [28,34]. For TSB350, a prominent peak is observed at 1604 cm~ !, which can be
attributed to the vibration of C=0 groups [35]. In contrast, TSB550 exhibits a split peak with
distinct overlapping bands at 1634 and 1591 cm ™!, corresponding to aromatic C=C stretches
and the symmetric stretching of carboxylate groups [36]. This observation suggests that ele-
vated temperatures may degrade the oxygen-containing active groups, thereby promoting
the formation of aromatic structures [37]. Interestingly, the spectral shape in the correspond-
ing wavenumber region for HAP-TSB550 showed almost no change compared to TSB550.
This suggests that the incorporation of HAP helped to preserve the oxygen-containing
active groups and reduced the relative proportion of aromatic structures. Additionally,
the bands at 1370 and 782 cm ™! are indicative of the asymmetric stretching vibrations of
the carboxylate group (-COO™) and the aromatic C-H bonds, respectively [35,36,38,39].
Furthermore, the relative intensity of the aromatic C—H peak in TSB550 is considerably
higher than that in TSB350, which implies an enhancement in aromaticity with increased
hydrolysis temperature [40]. The FTIR analysis demonstrated that TSBs modified with
HAP possess carboxylic groups and newly formed P-O functional groups, which might be
responsible for Cd(Il) adsorption, and exhibit better performance than raw TSBs.

The SEM images revealed that the TSBs exhibited distinctly porous architecture. In
contrast, the surface porosity was partially obscured by the presence of hydroxyapatite
crystals following the HAP modification (Figure 2a—d). Moreover, the mapping image
(Figure 2e-h) and EDS spectra (Figure 2i-1) revealed that the P content of the hydroxyapatite
modified biochars HAP-TSB350 and HAP-TSB550 was 5% and 2.5%, respectively. These
levels are markedly higher than the P content found in their unmodified counterparts
TSB350 (1.2%) and TSB550 (0.2%), indicating the successful integration of a considerable
amount of hydroxyapatite (HAP) onto the biochar structure. The specific surface areas of
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TSB350 and TSB550 were measured to be 2.52 m? /g and 3.63 m? /g, respectively, suggesting
that higher hydrolysis temperatures can yield biochar with increased specific surface
areas [37]. Upon modification with hydroxyapatite (HAP), the specific surface areas of HAP-
TSB350 and HAP-TSB550 notably increased to 14.07 m? /g and 18.36 m? /g, respectively,
which might be ascribed to the dispersion of HAP by TSB surfaces [41]. These enhancements
are considerably higher than those in the raw TSBs, implying that the HAP-TSBs possess
an increased availability of surface sites for toxic ion adsorption.
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Figure 2. SEM images of TSB350 (a), TSB550 (b), HAP-TSB350 (c), and HAP-TSB550 (d) and their
elemental mapping (e-h) and EDS results (i-1).

3.2. Adsorption Isotherm

Adsorption isotherm studies are pivotal for quantifying the extent to which Cd(II)
ions are adsorbed onto the solid phase interfaces of adsorbents, thereby providing insights
into their mobility and retention characteristics. Figure 3 presents the sorption isotherms
for Cd(II) onto the TSBs and HAP-TSBs at varying concentrations. The isotherms for Cd(II)
sorption on these materials exhibit a characteristic L-shaped curve with a plateau, which
is indicative of possible homogeneous or heterogeneous precipitation events occurring
alongside the interfacial interaction process [17]. Furthermore, the adsorption—isotherm
curve for Cd(II) on TSB350 is observed to be elevated relative to that of TSB550 (Figure 3a).
Additionally, both HAP-TSB350 and HAP-TSB550 demonstrate significantly enhanced
sorption capacities when compared to their non-modified TSB counterparts prepared at
equivalent pyrolysis temperatures (Figure 3b).

To comprehensively assess the maximum adsorption capacity and to deduce the adsorp-
tion mechanisms, the equilibrium data were interpreted through Langmuir and Freundlich
models. The graphical representations of the Langmuir and Freundlich isotherm fits are dis-
played in Figure 3a and 3b, respectively, with the corresponding parameters of the isotherms
listed in Table 1. For TSB350 and TSB550, the experimental data were found to be well-fitted
with both the Langmuir and Freundlich models, as evidenced by the determined R-squared
(R?) values. Specifically, TSB350 was more suitably fitted by the Langmuir model, implying
the existence of a monolayer adsorption process [28,41,42]. Conversely, TSB550 was better
represented by the Freundlich model, which implies a favorable scenario for multilayer
adsorption and chemical adsorption [34,43].
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Figure 3. The sorption isotherms of Cd(II) on the TSBs (a) and HAP-TSBs (b) at a temperature of
298 K. The dashed lines denote Langmuir model fits, while the solid lines correspond to Freundlich
model fits.

Table 1. Equilibrium adsorption isotherm fitting parameters.

Parameters TSB350 TSB550 HAP-TSB350 HAP-TSB550
Langmuir
Qmax 4.92 1.57 13.17 14.50
K, 0.038 0.048 0.127 0.086
R? 0.995 0.988 0.939 0.966
Freundlich
1/n 0.45 0.38 0.33 0.39
Kg 0.54 0.24 3.23 2.66
R? 0.991 0.995 0.998 0.993

Meanwhile, the experimental data for Cd(II) adsorption onto HAP-TSBs were found
to be exclusively well-fitted by the Freundlich model. This phenomenon might be ascribed
to the incorporation of HAP, which introduced additional active adsorption sites, resulting
in complex interactions between Cd(II) ions and the modified biochar surfaces during the
adsorption process. Conclusively, the Freundlich model is deemed appropriate for repre-
senting the adsorptive behavior of Cd(Il) on the surfaces of TSBs and HAP-TSBs. From this
perspective, the n values are found to be less than 1, signifying that the adsorption initially
occurs at high energy sites, which are occupied before the subsequent uptake at lower
energy sites on the heterogeneous surfaces [44,45]. The Freundlich constant Kg for TSB350
was 0.54, which was higher than the value of 0.24 observed for TSB550, indicating that the
lower pyrolysis temperature of TSB350 resulted in a higher availability of high-affinity ad-
sorption sites for Cd(II) [37,46]. Moreover, the Kr constants for the HAP-modified biochars
(HAP-TSB350 and HAP-TSB550) were 3.23 and 2.66, respectively, which are substantially
higher than those for their corresponding unmodified biochars, suggesting that the in-
corporation of HAP onto the TSBs introduces additional P-O binding sites, exhibiting
strong bonding to Cd(Il) [46]. Nevertheless, our tobacco stalk-derived biochars show lower
adsorption performance than the results documented by Zhou et al. [47] and Yu et al. [14].
This might be attributed to differences in pyrolysis procedures, including temperature,
heating rate, pyrolysis time, and mixing states, affecting the molecular components and
reactivity [30]. On the other hand, composites modified with hydroxyapatite display signifi-
cantly enhanced efficiency. Overall, the substantial improvement in the adsorptive capacity
of tobacco stalk-derived biochar offers strategies for advancing the resourceful utilization
of waste byproducts.

3.3. Adsorption Kinetics

The kinetic data for Cd(II) sorption onto TSBs and HAP-TSBs are displayed in Figure 4.
The interfacial interactions between Cd(II) and the surfaces of the TSBs and HAP-TSBs
occurred rapidly in the initial stage, then the rate of interaction decelerated as the system
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reached sorption equilibrium. The Cd(II) adsorption equilibrium for HAP-TSB350 and
HAP-TSB550 was achieved in around 60 min, with corresponding adsorption capacities of
5.7 mg/g and 6.6 mg/g, respectively. In contrast, the equilibrium for TSB350 and TSB550
was reached more quickly—in approximately 30 min and 5 min, respectively—with lower
adsorption capacities of 1.9 mg/g and 1.1 mg/g. Meanwhile, the adsorption capacities
for the HAP-TSBs substantially exceeded those of the TSBs at equivalent time points,
suggesting that the incorporation of HAP significantly enhanced the adsorption kinetics and
overall capacity. The different responses in Cd(Il) adsorption kinetic behavior between TSBs
and HAP-TSBs can likely be attributed to variations in the distribution and concentration
of adsorption sites, including the presence of HAP phases as well as oxygen-containing
functional groups on the TSBs’ surfaces [41].
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Figure 4. The kinetic plots for Cd(I) adsorption on TSBs’ (a) and HAP-TSBs’ (b) surfaces. The corre-
sponding results fitted via the pseudo-first-order and pseudo-second-order model for TSBs (c,e) and

HAP-TSBs (d,f).

The adsorption data were also subjected to kinetic modeling to shed light on the under-
lying sorption mechanisms. The pseudo-second-order model (Figure 4e—f) demonstrated
a superior fit for the kinetic data compared to the pseudo-first-order model (Figure 4c,d)
according to the correlation coefficients (R?) and the calculated equilibrium adsorption
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amounts (Q.) (Table 2). Generally, adherence to a pseudo-second-order model implies
that the rate-limiting step in the adsorption process is likely a chemical sorption mech-
anism [17,26]. Consequently, the uptake of Cd(Il) onto the adsorption sites of the TSBs
and HAP-TSBs is predominantly governed by chemical interactions such as ion exchange,
surface complexation, and/or precipitation. These chemical reactions are the primary
drivers, rather than physical adsorption, in the sorption process [17]. Furthermore, the
rate of Cd(Il) adsorption onto the TSBs, particularly TSB550, was considerably higher than
adsorption onto the HAP-TSBs. This increased rate is primarily due to a lower density of
active surface sites on TSBs that are available for Cd(II) adsorption, which allows for a more
rapid attainment of equilibrium in the interfacial reaction. Conversely, the TSBs modified
with HAP exhibited superior adsorption capacity compared to the unmodified TSBs even
at the same time intervals. This enhanced performance is attributed to the abundance of
functional groups present in these HAP-TSBs, which facilitate more extended interfacial
adsorption processes, thereby slowing the rate at which equilibrium is achieved.

Table 2. Kinetic parameters of Cd(Il) adsorption onto the TSBs and HAP-TSBs.

Pseudo-First-Order Model Pseudo-Second-Order Model

Qe Kl RZ Qe K2 R2
TSB350 2.08 0.89 0.383 2.26 0.24 0.997
TSB550 1.09 1.85 0.819 1.09 3.94 0.999
HAP-TSB350 5.37 0.91 0.424 6.04 0.07 0.999
HAP-TSB550 1.13 6.21 0.393 6.76 0.11 0.999

3.4. Effects of pH and Ionic Strength

pH is a critical environmental parameter when assessing the utility of a material,
as it significantly affects the surface charge distribution of the solid phase, its sorption
capabilities, and Cd(II) speciation in aqueous solutions [34]. As documented in previous
studies [17], the prevailing species of Cd(Il) in aqueous solutions at a pH of 2.5 to 6.0 are
the positively charged hydrated ions. The non-occurrence of hydroxide precipitation under
these conditions suggests that Cd(Il) is attached to the surfaces of the TSBs and HAP-TSBs
via direct interactions with the active adsorption sites.

The pH-dependent sorption curves of Cd(II) onto the TSBs and HAP-TSBs are depicted
in Figure 5. It is evident that the sorption capacity for Cd(II) augmented with an increase in
pH from 2.5 to 6.0. Moreover, the sorption capacities of the HAP-TSBs were significantly
greater than those of the unmodified TSBs. Furthermore, at lower pH values, a higher
concentration of Ht or H30™ ions was present, which can compete for and occupy active
sites [48], and particularly affected the less oxygen-rich functional groups of TSB550, leading
to a reduced adsorption capacity for Cd(II). However, the presence of hydroxyapatite (HAP)
on the TSB surface introduced a plethora of adsorption sites characterized by P-O bonds
and resulted in a decrease in surface charge [26,49]. This modification enhanced the TSBs’
ability to adsorb Cd(Il), even at lower pH levels, by providing additional binding sites.
With the progression of pH elevation, the deprotonation of active groups on the TSBs
and HAP-TSBs surfaces resulted in an increasingly negatively charged interface [49].
Consequently, this promoted a substantial electrostatic attraction to Cd(I) in the aqueous
solutions. Broadly speaking, as the pH increased, the degree of deprotonation of the
active groups diminished, enabling a greater availability of P-O and oxygen-containing
adsorption sites [26]. This availability facilitated the easy occupation of the vacant orbitals
of Cd atoms, which in turn significantly enhanced the formation of surface complexes [17].
Therefore, the adsorption of Cd(II) on the HAP-TSBs was significantly more effective than
that on the TSBs, even at high pH values.
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Figure 5. Effects of pH on Cd(II) adsorption onto TSB350, TSB550, HAP-TSB350, and HAP-TSB550
surfaces.

Frequently, observing the interfacial adsorption behavior across various ionic strengths
provides insight into the mechanisms responsible for the adsorption of heavy metals by
materials in an aqueous system [50]. Figure 6 illustrates the impact of ionic strength,
varying from 0.01 to 0.5 mol/L, on the efficacy of the adsorbents. The results show that
Cd(II) adsorption onto both the TSBs and HAP-TSBs declined with an increase in the initial
NaCl concentration. The evident reliance of sorption on ionic strength suggests that cation
exchange and/or outer-sphere complexation, facilitated by electrostatic interactions [51],
were the predominant mechanisms responsible for the immobilization of Cd(II) on the
surfaces of the TSBs and HAP-TSBs.
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Figure 6. Effects of ionic strength on Cd(II) adsorption onto the TSBs’ (a) and HAP-TSBs’ (b) surfaces.

Specifically, the Cd(II) adsorption capacity of TSB350 dropped to 0.48 mg/g under
a 0.5 M NaCl solution, a value that significantly exceeded the 0.05 mg/g observed for
TSB550. This disparity suggests that TSB350, synthesized at a relatively low pyrolysis
temperature, possesses more abundant oxygen-containing active groups that are available
for chemically binding Cd(Il), thus enhancing its adsorption capacity. Furthermore, the
adsorption of Cd(II) on HAP-TSB350 and HAP-TSB550 was reduced to 2.56 and 2.22 mg/g
under the condition of 0.5 M NaCl, respectively. Despite this reduction, these values are still
significantly higher than the adsorption amounts of the unmodified TSBs. This sustained
high adsorption capacity suggests that the HAP phases actively contribute to the interfacial
adsorption process and promote the formation of Cd(Il) inner-sphere surface complexes.

3.5. X-ray Photoelectron Spectroscopy Analysis

X-ray photoelectron spectroscopy (XPS) was employed to analyze the TSBs and HAP-
TSBs before and after Cd(II) adsorption, providing detailed insights into the specific surface
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chemical species alterations that occurred [34,50]. In contrast to the XPS survey spectra
of the TSBs, the presence of characteristic P 2p and Ca 2p peaks in the spectra of the
HAP-TSBs confirms the successful deposition of HAP onto the TSB surface (Figure 7a).
Concurrently, the Cd 3d peaks detected in the XPS spectra of Cd-HAP-TSB350 and Cd-
HAP-TSB550 are more pronounced than those observed in the Cd-TSBs. This suggests
that the composite materials have a higher affinity for Cd(II) immobilization. Moreover,
the relative intensity of the Ca 2p peak, normalized to that of the C 1s peak, indicated a
reduction in the adsorption of Cd(Il) onto the HAP-TSBs. This finding suggests that cation
exchange is a contributing mechanism for the interaction of Cd(Il) with the surfaces of
HAP-TSBs [26].

a) .
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Figure 7. The spectra of the TSBs and HAP-TSBs before and after the adsorption of Cd(II): (a) survey
spectra, (b,c) C 1s, (d,e) O 1s, and (f) Cd 3d.

The deconvoluted C 1s spectra are depicted in Figure 7b,c. A comparison of the C 1s
spectra with TSB350, HAP-TSB350, TSB550, and HAP-TSB550 reveals that the relative ratio
of the peaks corresponding to the C-O group at binding energies of 285.9 to 286.6 eV is
notably reduced following Cd adsorption (Table 3), suggesting the formation of Cd-carboxyl
complexes on the surfaces of the materials [52]. Simultaneously, there is a significant
increase in the peak ratio of the C=0O group within the binding energy range of 288.3 to
288.5 eV after Cd(II) adsorption, implying that carbonate precipitation may have occurred
during the adsorption process [30].
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Table 3. The deconvolution of C and O species for the TSBs’, HAP-TSBs’, Cd-TSBs’, and Cd-HAP-
TSBs’ reaction systems and the corresponding peak area ratio.

C Speciation Proportion (%) O Speciation Proportion (%)

c-C c-0 Cc=0 0-C=0 Cc=0 O-H

TSB350 65.59 31.57 2.84 21.18 47.28 31.54
Cd-TSB350 50.62 28.25 21.13 23.30 55.87 20.83
HAP-TSB350 68.84 19.33 11.83 8.49 49.55 41.96
Cd-HAP-TSB350 61.52 18.08 20.40 26.26 67.55 6.19
TSB550 85.06 10.96 3.98 27.17 42.60 30.23
Cd-TSB550 77.33 10.76 11.91 28.55 43.63 27.82
HAP-TSB550 63.83 33.02 3.15 12.18 64.93 22.89
Cd-HAP-TSB550 69.79 20.08 10.13 19.59 76.24 417

After the sorption of Cd(II), the O 1s XPS spectra of Cd-TSB350, Cd-HAP-TSB350, Cd-
TSB550, and Cd-HAP-TSB550 exhibit an elevated peak ratio for the carbonate structures
(O-C=0 or CO3%27) (Figure 7d,e). Simultaneously, there is a pronounced reduction in the
O-H peak. This suggests that, following sorption, carbonate-related products, including
cadmium carbonates, are formed and active oxygen-containing groups on the sorbent
surfaces are engaged in complexation with Cd(Il) [26,53]. Notably, the O 1s spectra of
Cd-HAP-TSBs exhibit a more pronounced alteration in the relative ratio of O-H to O-C=0
peaks (Table 3), which might be ascribed to interfacial reactions involving the high oxygen-
containing active sites of the HAP phase [30]. Furthermore, the Cd 3d XPS spectra revealed
that the peaks corresponding to Cd 3d3/2 and Cd 5d3/2 shifted to higher binding energies
on the HAP-TSBs. Additionally, there was a notable increase in the intensity of these peaks
on the surface of the Cd-HAP-TSBs. These observations suggest that the HAP modification
enhanced Cd(II) adsorption and led to the formation of more stable surface complexes.

4. Conclusions

In this investigation, the TSBs and HAP-TSBs produced through pyrolysis at different
temperatures were systematically evaluated by analyzing their microstructures, elemental
distribution, specific surface area, functional groups, adsorption performance for Cd(Il),
and underlying mechanisms governing interfacial interactions. The TSBs modified with
HAP resulted in a notable expansion of their surface-specific area and an alteration in
the composition of active sites, such as P-O and carboxyl groups. Among these synthe-
sized materials, HAP-TSB550 exhibited superior and effective Cd(II) adsorption, which
is primarily attributed to its large specific surface area in conjunction with the presence
of incorporated HAP. The adsorption kinetics of Cd(II) onto the HAP-TSBs were found
to conform closely to the pseudo-second-order model, whilst the isotherms were well
described by the Freundlich model. The dominant mechanisms of Cd(II) adsorption onto
the HAP-TSBs include cation exchange, surface inner-sphere complexation, surface precip-
itation, and outer-sphere complexation (electrostatic attraction), which are facilitated by the
co-existence of abundant oxygen-containing and phosphate groups. Overall, the adsorption
performance of Cd(II) on HAP-TSB350 is as efficient as on HAP-TSB550, demonstrating
that modification with HAP at a low pyrolysis temperature is more economical and has
greater applicability. The HAP-TSBs developed in this study provide insight into their
adsorption mechanisms and present a feasible approach for the effective reutilization of
tobacco stalk waste and the remediation of areas with low-level heavy metal pollution,
enhancing overall environmental quality.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/pr12091924 /51, Text S1: Langmuir and Freundlich isotherm
models; Text 52: Adsorption kinetic models.
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