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Abstract

Lead (Pb%*) and cadmium (Cd?*) are among the most hazardous heavy metal pollutants
in wastewater owing to their high toxicity, environmental persistence, and detrimental
impacts on human health and aquatic ecosystems. In this study, a novel ternary magnetic
composite, SnFe, Oy /activated carbon/polypyrrole (SnFe,O4/AC/PPy), was effectively
synthesized and tested as an effective adsorbent in the removal of Pb?* and Cd?* from
aqueous water. The composite was prepared by depositing spinel SnFe;O4 nanoparticles on
activated carbon, followed by in situ polymerization of polypyrrole to enhance surface func-
tionality and adsorption affinity. The successful fabrication of the porous SnFe,O4/AC/PPy
hybrid composite was confirmed through FTIR, XRD, SEM-EDS, BET, XPS, and VSM char-
acterization. The composite demonstrated a relatively high surface area (352.3 m?/g) and
adequate magnetic responsiveness (12.33 emu/g), ensuring facile magnetic separation
following wastewater treatment. Batch adsorption experiments showed great removal
efficiency of 95.02 and 92.48% for Pb?* and Cd?* ions, respectively, at optimum conditions.
The adsorption equilibrium data followed the Langmuir isotherm model with maximum
adsorption capacities of 187.07 mg/g for Pb%* and 96.45 mg/g for Cd** ions, which were
attributed to monolayer adsorption on homogenous active sites. The kinetic and isothermal
model indicated that the adsorption process was controlled by the combination of physical
and chemical interactions. Thermodynamic parameters showed negative Gibbs free en-
ergy and enthalpy changes (AH® = —49.74 k] /mol for Pb®* and —38.82 k] /mol for Cd**
ions), confirming the spontaneous and exothermic nature of adsorption. Furthermore, the
increasingly negative AG® values at lower temperatures indicated that the adsorption was
thermodynamically more favorable under cooler conditions. According to the regeneration
studies, the composite maintained a high removal efficiency after five consecutive cycles.
In general, SnFe,O,/AC/PPy composite has good potential as a stable, reusable, and
high-performance adsorbent to treat heavy metal wastewater.

Keywords: tin ferrite; polypyrrole (PPy); magnetic composite; heavy metals; wastewater;
adsorption

1. Introduction

Contamination of aquatic systems with heavy metals has become a major issue of
concern in the world owing to persistence, bioaccumulation, and the extreme toxicity of
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such wastes [1,2]. In contrast to organic contaminants, heavy metals are non-biodegradable
and tend to accumulate in living organisms over time, causing ecological and health risks [3].
Lead (Pb) and cadmium (Cd) are particularly interesting among the toxic heavy metals
due to their large-scale industrial application and the negative biological impact. Lead is
a very dangerous element that is used in many industries, including mining, chlor-alkali,
and the production of electronics [4]. Lead compounds may bioaccumulate in aquatic
organisms even in trace levels and further biomagnify along the food chain, and this is
extremely dangerous to human health [5]. The neurological disorders, renal dysfunction,
and developmental defects have been linked to exposure to lead [6]. The other harmful
heavy metal is cadmium, which finds a wide application in electroplating, alloy creation,
batteries, and pigments [7,8]. Cadmium is a very dangerous heavy metal and has no known
biological role; any exposure, even in low doses, can have severe impacts on health, such as
kidney dysfunction, respiratory problems, heart disease, and even cancer [9,10]. According
to the World Health Organization (WHO), the guideline value for lead (Pb) in drinking
water is 0.01 mg/L, while for cadmium (Cd) it is 0.003 mg/L. Similarly, the Council of the
European Union establishes parametric values of 0.01 mg/L for lead and 0.005 mg/L for
cadmium. In contrast, the United States Environmental Protection Agency (US EPA) has
set an action level of 0.015 mg/L for lead, with a maximum contaminant level goal (MCLG)
of zero due to the absence of a safe exposure threshold. For cadmium, the US EPA has
established a maximum contaminant level (MCL) and MCLG of 0.005 mg/L in drinking
water [7,11]. Thus, the efficient elimination of Pb (II) and Cd (II) from polluted water is
a key point of environmental and public health security. Various physicochemical methods
like chemical precipitation, ion exchange, membrane filtration, electrochemical treatments,
and photocatalysis have been devised for the removal of heavy metals. Nonetheless, these
techniques are usually associated with disadvantages, including high operation, incomplete
extraction, production of toxic sludge, and low selectivity in low concentrations [12-15]. Of
all the existing techniques, adsorption has emerged as a promising technique due to low
cost, simplicity in design, scalability, and extremely high efficiency in the removal of trace
pollutants [16].

During the last several years, considerable attention has been devoted to the design of
advanced adsorbents based on the combination of several functional materials. In contrast
to many commonly studied ferrite nanoparticles, SnFe,O4 has emerged as a promising
spinel ferrite owing to its unique electronic structure, high chemical stability, the presence
of Sn-related surface defects and oxygen vacancies that provide additional active sites
for metal-ion binding, and favorable magnetic properties that enable the easy recovery of
spent adsorbents using an external magnetic field. These characteristics make SnFe;Oy4
particularly attractive for the adsorption of toxic heavy metals [17,18]. One of the most
popular adsorbents is activated carbon (AC), due to its high specific surface area, developed
porous structure, and adjustable surface chemistry that can be utilized to trap metal ions
and organic pollutants [19,20]. However, the regeneration of AC and the comparatively low
selectivity restrict its usage in contaminated wastewater of high concentration. Polypyrrole
(PPy) is a conducting polymer that combines complementary functionality with respect to
carrying heavy metals using electrostatic attractions, hydrogen bonds, and chelation due to
its conjugated 7-electrons, -NH, and =C-N functional groups [21]. In addition, PPy is stable
in the environment, simple to synthesize, and can be deposited as thin layers on porous
supports to increase surface reactivity [22].

On these grounds, the current research presents a new SnFe,Oy/activated car-
bon/polypyrrole (SnFe,O,/ AC/PPy) ternary composite that can effectively remove Pb%*
and Cd?* ions from polluted water. SnFe;O4 nanoparticles in this composite will offer
good magnetic properties and active sites, AC will offer high surface area and porosity
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to increase adsorption, and polypyrrole (PPy) provides abundant nitrogen-containing
functional groups to increase the affinity of the metals and stability. The integration of
these components is expected to increase adsorption capacity, selectivity, recycling, and
separation feasibility in aqueous media relative to the individual components or binary
composites. FTIR, XRD, SEM, BET, XPS, and VSM analyses were used in a systematic
characterization of the structural, morphological, and magnetic properties of the composite.
In addition to this, adsorption kinetics, thermodynamics, and regeneration performance
were studied to determine its potential as a sustainable and efficient adsorbent in real-life
wastewater treatment.

2. Experimental Procedure
2.1. Chemicals

In this study, analytical-grade reagents and chemicals were used, not purified in any
way. The carbon support material of the activated type was purchased through Norit Neder-
land B.V. (Amersfoort, the Netherlands) and subsequently milled into a fine powder. Ferric
chloride hexahydrate (FeCls-6H,O, >98%), ferrous chloride (FeCl,, 99.99%), anhydrous tin
chloride (SnCly, 99.99%), and sodium dodecyl sulfate (SDS) (CH3(CH;)1;0OSO3Na, 99%)
were bought from Sigma-Aldrich. Pyrrole monomer (C4HsN, 98%) and the ammonium hy-
droxide solution (NH4OH, 25 wt.%) were provided by Chempur (Piekary Slaskie, Poland).
Sodium hydroxide in pellet form (NaOH, 99.99%) and hydrochloric acid (HCI, 37 wt.%)
were obtained from Avantor Performance Materials (Gliwice, Poland). Moreover, Chem-
land Materials (Stargard, Poland) also supplied sulfuric acid (HzSOy4, 95 wt.%) and ethylene
glycol (HOCH,CH,OH, 99.8%). The experimental work also involved high-performance
liquid chromatography-grade (CH3zCH,OH, 99.9%) ethanol as a solvent to guarantee the
purity of the solvent. To prepare the standard solutions of heavy metal ions, lead chloride
(PbCly, 99.99%) and cadmium chloride (CdCly, 99.99%) of analytical grade were purchased
from Chempur (Piekary Slaukie, Poland) and then used to prepare stock solutions with
a 1000 mg/L concentration.

2.2. Synthesizing SnFe; O4/AC/PPy Composite

The ternary composite preparation is provided in Figure 1. First, tin ferrite (SnFe;Oy)
was prepared by a solvothermal method based on the procedure that was described in [23].
In particular, 0.314 g of SnCl, and 0.658 g of FeCl, were dissolved in 50 mL of ethylene
glycol and mixed for 30 min to obtain a homogeneous solution. An amount of 4 mL of
NH4OH (1 M) and then NaOH solution (5 M) was slowly added to the homogeneous
solution until the medium pH was approximately 12. The mixture was stirred for a further
30 min at 60 °C, and a Teflon-lined autoclave was used to maintain the mixture at 190 °C
during the next 18 h. The black precipitate obtained was collected, washed numerous
times with deionized water, and dried at 60 °C for 24 h. In order to prepare the binary
SnFe;O4/AC composite, the same solvothermal reaction was carried out in the presence of
activated carbon (AC), which served as support and was also utilized as a high-surface-area
matrix of the ferrite nanoparticles.

The ternary composite SnFe,O4/AC/PPy was prepared by the oxidative polymer-
ization of pyrrole in the presence of SnFe;O4/AC. 0.5 g of the prepared SnFe,O4/AC
composite was added to 100 mL of 0.001 M sodium dodecyl sulfate (SDS) solution, and this
was dispersed by sonication over a period of 30 min to get a fine dispersion. During contin-
uous mechanical stirring, the pyrrole monomer (0.7 mL) was added. The oxidizing agent,
FeCl; (4.9 g dissolved in 100 mL of distilled water), was slowly added dropwise at (0-5 °C),
while maintaining stirring for 8 h. The reaction process was done by phase separation as
the top layer held the free polypyrrole (PPy), which was collected by decantation, and
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the lower layer was denser composed of SnFe,O4/AC/PPy coated with PPy, which was
collected by magnet separation and washed thoroughly with a 1:1 ethanol-water mixture
and dried under a vacuum at 60 °C for 24 h to obtain a composite (Figure 1c) [24].

pH=11-12
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Transfer to

Stirring at 60 °C autoclave

for1/2h

Solvothermal reaction SnFe,0, NPs
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Figure 1. Synthesis steps for (a) SnFe,Os NPs, (b) SnFe;O4/AC, and (c) SnFe;O4/AC/PPy
ternary nanocomposite.

2.3. Analyses

The phase composition and crystallographic characteristics of the synthesized mate-
rials were investigated through XRD analysis using a Rigaku MiniFlex II diffractometer
(Tokyo, Japan), equipped with Cu Ko radiation (A = 1.54059 A), 40 kV, 40 mA, and scanning
at 20 = 10-70 degrees with a step size of 0.02° and a scanning speed of 0.2° /min. Magnetic
saturation, magnetization, and magnetic responsiveness were studied with the help of
a vibrating sample magnetometer (VSM, LDJ 9600, LDJ Electronics Company, Troy, MI,
USA). The Fourier transform infrared (FTIR) spectra were recorded using a Nicolet FTIR
spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a DTGS detector.
The spectra were collected in the wavenumber range of 4000-400 cm ™! with a spectral
resolution of 4 cm~! and 32 accumulated scans. FTIR analysis was used to identify the
surface functional groups and investigate the potential chemical interactions within the
composite structure as well as between the adsorbent surface and metal ions. The scanning
electron microscopy (SEM, JEOL JCM-6000 Plus, Tokyo, Japan) was used to study surface
morphology, particle aggregation, and textural features. The elemental compositions were
obtained by energy-dispersive X-ray spectroscopy (EDS, Waltham, MA, USA), which was
performed at an accelerating voltage of 15.0 keV, and quantitative analysis was performed
using the ZAF correction method. Chemical and band structure analyses were conducted
using a multitechnique X-ray-UV-photoelectron spectroscopy and Low-Energy Inverse
Photoemission Spectroscopy system (VersaProbell, ULVAC-PHI, Inc., Chigasaki, Japan).
The samples were irradiated with a focused monochromatic Al K« (E = 1486.6 eV) X-ray
beam with a diameter of 100 um, rastered over an area of 400 x 400 um?2. The photoelectron
take-off angle was 45°, and the pass energy in the analyzer was set to 117.50 eV (0.5 eV
step) for survey scans and 46.95 eV (0.1 eV step) to obtain high-energy-resolution spectra
for the C 1s, O 1s, N 1s, Sn 3d, Fe 2p, Pb 4f, and Cd 3d regions. A dual beam charge com-
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pensation with 7 eV Ar* ions and 1 eV electrons was used to maintain a constant sample
surface potential regardless of the sample conductivity. All XPS spectra were charged
with reference to the unfunctionalized, saturated carbon (C-C) C 1s peak at 284.8 eV. The
operating pressure in the analytical chamber was less than 3 x 10~? mbar. Deconvolution
of spectra was carried out using PHI MultiPak software (v.9.9.3). The spectrum background
was subtracted using the Shirley method. The behavior of the prepared materials with
a wide pH range in terms of surface charge and their colloidal stability was measured by
measurements using a Malvern ZetaSizer Nano ZS (Malvern Instruments Ltd., Malvern,
UK). Quantitative measurement of residual concentrations of metal ions in aqueous solu-
tion at the start and end of adsorption experiments was done using a micro plasma atomic
emission spectrometer (MP-AES, Agilent 4200, Santa Clara, CA, USA) to ensure that the
performance of adsorption was adequately evaluated.

2.4. Adsorption Experiment

The batch experiments involving SnFe,O4/AC/PPy magnetic composite for the ad-
sorption of Pb?* and Cd?* ions were carried out, and the average values were taken into
account to analyze them. Initially, 50 mL aqueous solutions containing Pb?* or Cd?* at
quantities (12.5, 25, 50, 75, 100, and 125 mg/L) were prepared, and the pH was set to
desired values using 0.2 M NaOH and HCL. In every experiment, the adsorbent was added
at a dosage of 25 mg for Pb?* and 35 mg for Cd?* solution. The mixing of the samples
was done at 150 rpm in a water bath shaker maintained at 25 °C for 180 min to ensure
the adsorption process. The solid phase was then magnetically isolated after treatment,
and the remaining concentrations of metals were measured through micro-plasma atomic
emission spectrometry (MP-AES, Agilent 4200). The equilibrium data of adsorption were
discussed in terms of Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich (D-R)
isotherm models to characterize the binding properties and adsorption capacity. pH of
the solution and adsorbent dosage were analyzed in a systematic manner with an initial
concentration of 25 mg/L, which was taken as the representative level in the media. The
pH of the solution was varied between 2 and 9, and the adsorbent dosage was varied
between 5 and 45 mg to determine their effect on the uptake of Pb>* and Cd?* ions.

Under controlled conditions (initial pH of 6 and 7; adsorbent doses of 25 mg and
35 mg for Pb>" and Cd?*, respectively; contact time of 180 min; and initial concentration of
12.5 mg/L), temperature-dependent studies were also conducted at a range of 25-45 °C.
Based on these experiments, the thermodynamic parameters of the adsorption process
were obtained.

To perform the kinetic analysis of the Pb?* or Cd?* adsorption, experiments were
carried out at different contact times (5-180 min) under optimal conditions (pH 6 and 7, the
dosage of adsorbent 25 and 35 mg for Pb>* and Cd?* ions, respectively, temperature 25 °C,
initial concentration of metal 50 mg/L). Pseudo-first-order (PFO), pseudo-second-order
(PSO), and intraparticle diffusion models were used to evaluate the sorption kinetics. It is
worth noting that the adsorption efficacy and capacity of Pb?* or Cd?* at each time were
calculated using the following Equations (1)—(3), respectively.

Roo = S0 =t 1009 (1)
(0]
a=Ce @
_ (Co B Ce)
qe_ m \4 (3)
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Here, C, and Ce represent the initial and equilibrium concentration of Pb%* or Cd%* in the
solution (mg/L), respectively, and C; indicates the concentration at a specific time. V is the
volume of the solution (L), and m is the dosage of the adsorbent (g).

2.5. Reusability

The reusability of the magnetic composite was evaluated through successive
adsorption—desorption cycles. After the adsorption experiment, an external magnet was
used to readily separate the spent magnetic composite from the solution. The retained
metal ions were desorbed by treating the recovered material with 0.1 M HCl under stirring
at room temperature for 2 h for each cycle. The regenerated composite was then thoroughly
washed with distilled water and dried. The dried material was subsequently reused under
the same optimized adsorption conditions. A total of five adsorption—desorption cycles
were performed to evaluate the reusability of the material.

3. Results and Discussion
3.1. Characterization of the Adsorbent

The FT-IR spectra of SnFe,O4, SnFe,O4/AC, and SnFe,O4/AC /PPy composite are
shown in Figure 2a, which were used for structural characterization and identification of the
functional groups in the synthesized materials. The spectrum of SnFe,O4 showed a sharp
absorption peak at 605 cm ™!, which is attributed to the characteristic stretching vibration
mode of Fe-O in the prepared SnFe,Oy [25,26]. Moreover, the strong band at 3439 cm !
might be assigned to the stretching vibrations of Fe-OH groups at the surface and to the
physically adsorbed water. The Fe-O stretching vibrations of SnFe,O4 are associated with
a prominent absorption peak in the spectrum of the SnFe,O4/AC composite at 578 cm 1.
Furthermore, the broad band at 3435 cm ™! is probably caused by physically adsorbed water
molecules and O-H stretching from surface hydroxyl groups. The peaks at 1629, 1383,
and 1184 cm ! are attributed to overlapping C=0 stretching and C=C skeletal vibrations,
C-H bending vibrations, and C-O stretching vibrations on the activated carbon surface,
respectively [27]. These results, together with the Fe-O peak at 578 cm~!, indicate that
SnFe;O4 nanoparticles were successfully incorporated on the AC surface. The magnetic
SnFe, 0,/ AC /PPy composite showed peaks at 3439 cm~! corresponding to the N-H and
O-H bond stretching [28]. The strong peaks appearing at 1632 cm ™! were related to the C=0O
and C=C stretching vibrations in the AC and PPy rings, further confirming the presence
of PPy and AC in the composite [29]. The obvious peak at 1548 cm~! could be attributed
to the C=C stretching vibration in the structure of the pyrrole ring [29]. Additionally,
the peaks at 1453 and 1382 cm ™! correspond to the vibrations of C-N, and C-C in PPy
ring [30]. The peak at around 1168 cm ™! corresponds to C-N bond stretching vibrations in
the structure of the pyrrole ring [29,30]. A band at 1037 cm ™! was assigned to the in-plane
bending vibration of the C-H and N-H bonds of the pyrrole ring [30,31]. The absorption
bands at 875 and 776 cm ™! were attributed to C-C out-of-plane deformation vibrations and
out-of-plane vibration of C-H or wagging vibration of pyrrole, respectively [29-31]. The
Fe-O stretching peak in the composite shifted to 589 cm ™!, and the relative intensity of this
peak receded as compared to pure SnFe,O4 NPs. These results confirmed that SnFe,Oy4
and AC have been successfully encapsulated inside the polymer matrix and composite.

Figure 2b shows the X-ray diffraction (XRD) patterns of SnFe,O4 nanoparticles,
SnFe;O4/AC, and magnetic SnFe,O4/AC /PPy composite. The XRD pattern of SnFe,Oy
NPs exhibits sharp diffraction peaks at 18.1, 30.05°, 35.40°, 36.72°, 43.10°, 53.37°, 57.02°,
and 62.51°, which are correlated to the (111), (220), (311), (222), (400), (422), (511) and
(440) crystal planes (JCPDS No. 73-1720) [32,33]. These reflections are characteristic of
a spinel structure, confirming the successful formation of crystalline SnFe;O4 NPs. The
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absence of impurity peaks indicates high phase purity of the synthesized nanoparticles.
For SnFe;O4/AC, the primary diffraction peaks of SnFe,Oy are still very clear, which
indicates that the spinel crystal structure is formed successfully even with the activated
carbon. Additionally, a broad and weak diffraction band at 20 ~ 20-25° is attributed to
the amorphous structure of activated carbon [34]. The minor decrease in peak intensity
of SnFe;O4 indicates the limitation of the crystal growth and enhanced dispersality of
nanoparticles on the activated carbon surface, which is due to the strong interaction be-
tween the interfaces during the synthesis. In the SnFe,O4/AC/PPy composite, the primary
diffraction peaks of SnFe,Oy are still visible in the SnFe;O4/AC /PPy composite, which
confirms that the magnetic phase of the composite did not change its structure follow-
ing the PPy polymerization [35,36]. The broad peak in the low-angle region (~20-25°)
results from the overlap between the amorphous contributions of activated carbon and
polypyrrole (PPy). The additional dampening of the SnFe,O4 peaks’ intensities indicates
the coating and partial encapsulation of SnFe,O4/AC by the PPy matrix. On the whole, the
XRD findings indicate that in situ synthesis in the presence of activated carbon results in
the well-dispersed SnFe,O4 nanoparticles anchored onto the AC, followed by the deposi-
tion of PPy, which maintains the magnetic spinel structure. This hierarchical structure is
desirable in adsorption usage due to high surface area, versatile functional groups, and
magnetic separability.

The average crystal sizes of all materials were determined using the Debye-Scherrer
equation, which relates the broadening of diffraction peaks to the size of coherently diffract-
ing domains. The equation is expressed as follows:

K-A
3 - cosO

D = (4)
These symbols, D, K, A, 3, and 6, denote the average crystal size (nm), the dimensionless
shape factor, which is typically equal to 0.9, X-ray source wavelength (Cu Ka radiation,
A =0.154 nm), FWHM (full width at half-maximum intensity) of the peak, and diffraction
angle (in radians), respectively. It should be noted that crystallite size estimation using the
Scherrer equation results in an approximate value, as peak broadening may also be influ-
enced by instrumental broadening and lattice strain effects. Therefore, the calculated values
should be regarded as apparent crystallite sizes rather than absolute crystallite dimensions.
The average crystallite size of pristine SnFe,O4 nanoparticles, calculated using the Scherrer
equation, was 19.31 nm, with a crystallinity of 80.53%. When SnFe,;O4 nanoparticles were
synthesized in situ in the presence of activated carbon, the crystallite size slightly decreased
to 18.97 nm, while the crystallinity decreased to 43.45% for the SnFe,O4/AC composite.
This behavior indicates that activated carbon participates during the nucleation and growth
stages of SnFe,Oy, acting as a heterogeneous nucleation substrate and spatial confinement
matrix. As a result, the growth of SnFe,Oy crystallites is moderately restricted, leading to
improved dispersion and suppressed crystallite coalescence without altering the spinel
crystal structure. The reduction in crystallinity is attributed to the incorporation of the
partially amorphous activated carbon phase, which contributes to the broadening and
attenuation of the diffraction peaks. A more pronounced reduction in crystallite size to
16.46 nm and crystallinity to 38.88% was observed for the SnFe,O,/AC/PPy composite.
This behavior is attributed to the subsequent in situ polymerization of polypyrrole, which
forms a coating layer around the SnFe,O4/AC. The PPy matrix further limits crystallite
growth through interfacial confinement and lattice strain, while its largely amorphous
nature contributes to the further decrease in crystallinity, as evidenced by the additional
broadening and attenuation of the XRD peaks. Nevertheless, the characteristic diffraction
peaks of spinel SnFe,O4 remained clearly visible, confirming the preservation of the crys-
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talline ferrite structure. The gradual decrease in both crystallite size and crystallinity is
fully consistent with the XRD results and confirms the successful stepwise construction of
the hierarchical SnFe,O4/AC/PPy composite.

Magnetic SnFe,O,/AC/IPPy
\ /— SnFe,0,/AC/PPy Vo \[: n (b) e
£ Ez S
(a') '55 é %E T §
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Figure 2. (a) FT-IR spectra, (b) XRD pattern, and (c) VSM spectra of SnFe,O4, SnFe,O4/AC, and
SnFe;O4/AC/PPy composite.

The magnetic properties of SnFe;Oy4, SnFe;,O4/AC, and SnFe,O4/AC/PPy were stud-
ied at room temperature using vibrating sample magnetometry (VSM), and the magne-
tization curves are shown in Figure 2¢. All samples exhibit superparamagnetic behavior,
as evidenced by the absence of obvious hysteresis. The saturation magnetization (Ms)
decreases in the following order: SnFe,O; (24.21 emu/g), SnFe;O4/AC (16.15 emu/g),
and SnFe;O4/AC/PPy (12.33 emu/g). This decrease in Ms is mainly explained by the
incorporation of non-magnetic components, such as AC and PPy, which cause a dilution
effect and weaken the overall magnetic response. However, even with the reduction in
saturation magnetization, the SnFe;O4/AC/PPy composite retains sufficient magnetic re-
sponsiveness, and can be rapidly and efficiently separated from solutions using an external
magnetic field after adsorption, highlighting its practical applicability.

SEM-EDS analyses were employed to study the morphological and elemental compo-
sition of SnFe;O4 nanoparticles (NPs), SnFe,O4/AC, and SnFe;O,/AC/PPy composite.
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The SEM image of pure SnFe,O4 NPs (Figure 3a) shows a near-spherical shape that tends
to agglomerate, which is usually attributed to the magnetic dipole-dipole interaction
and high surface energy of the nanosized particles. The particle size is approximately
nanometer-scale, which is consistent with the crystalline properties observed in the XRD
analysis. EDS confirms the presence of Sn, Fe, and O with atomic% 1:2:4, which confirms
the successful formation of SnFe,O4 without detectable impurities. The corresponding
EDS mass values are summarized in Table 1. For SnFe,O4/AC (Figure 3c), the SEM image
depicts that SnFe,O4 nanoparticles are evenly dispersed and anchored on the rough and
porous surface of the activated carbon. Severe agglomeration of nanoparticles is effectively
inhibited by the presence of AC, showing that in situ synthesis enhances good interfacial
interactions between SnFe,O; and AC. This porous framework of carbon offers many
active sites, and the dispersion of nanoparticles is possible. The presence of Sn, Fe, O,
and C in the EDS spectra proves the successful formation of the composite. The surface
morphology of the SnFe;O4/AC/PPy composite (Figure 3e) becomes more compact and
irregular, indicating the creation of a coating PPy layer on the SnFe,O4/AC structure. The
nanoparticles and carbon surface are mainly covered by the PPy matrix, which contributes
to a more connected and hierarchical morphology. The coating is expected to add more
functional groups to it and enhance the performance of adsorption. The spectrum of EDS
also confirms the existence of C, N, Sn, Fe, and O, which proves the efficient polymer-
ization of PPy on the composite. All these SEM-EDS studies stated that a hierarchical
SnFe, O,/ AC/PPy composite was successfully prepared in a stepwise manner with good
surface morphology and elemental distribution, which are necessary for effective heavy
metal adsorption. Figure 4a,c illustrates the SEM images of the SnFe,O,/AC/PPy com-
posite following adsorption of Pb?* and Cd?*, respectively. The SEM images demonstrate
that there is an observable difference in the surface texture of the composite, which has
become rougher and partially covered, and this is an indication that there is an effective
interaction between metal ions and available adsorption sites. The distinct presence of Pb
(Figure 4b) and Cd (Figure 4d) in the respective EDS spectra indicates successful uptake of
heavy metal ions. These results prove that the porous structure, the PPy coating, and the
dispersed magnetic nanoparticles all contribute to the increase in the adsorption capacity.

Table 1. Quantitative EDX analysis of the synthesized samples.

Sample Fe(%) O(%) N(%) C(%) Sn(%) Pb(%) Cd(%)
SnFe; Oy 49.42 28.85 -- -- 21.72 - -
SnFe;O4/AC 32.41 37.01 - 20.38 10.20 - -
SnFe,O4/AC/PPy 27.73 22.40 3.33 40.66 5.88 - -
SnFe,O4/AC/PPy after Pb%* ions adsorption 16.50 23.42 3.66 50.83 1.57 4.02 -
SnFe,O4/AC/PPy after Cd?2* ions adsorption 23.93 40.38 5.87 23.94 4.52 - 1.35

The textural properties of SnFe,Oy4, SnFe;O4/AC, and SnFe,O4/ AC/PPy were investi-
gated by nitrogen adsorption—-desorption measurements, and the specific surface area was
determined using the Brunauer-Emmett-Teller (BET) method. The adsorption—desorption
isotherms and pore size distribution curves are presented in Figure 5, while the cal-
culated textural parameters are summarized in Table 2. As shown in Figure 5, the
adsorption—desorption isotherms of SnFe,O4/AC and SnFe;O4/AC/PPy composites can
be classified as Type IV according to the IUPAC classification, which is characteristic of
mesoporous materials [37,38]. The presence of a pronounced hysteresis loop indicates
capillary condensation within the mesopores and confirms the mesoporous nature of the
synthesized composites. This observation is consistent with the pore size distribution
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curves, which reveal the predominance of mesopores throughout the composite structure.
Pure SnFe,Oy exhibited a relatively low specific surface area of 31.9 m?/g, indicating limited
availability of surface-active sites. Upon incorporation of activated carbon (AC), a remark-
able increase in textural properties was observed. The SnFe;O,/AC composite showed
a very high BET surface area of 1080.6 m?/g, with a total pore volume of 0.433 cm3/g
and an average pore diameter of 6.16 nm. This significant enhancement is attributed to
the highly porous structure and large intrinsic surface area of activated carbon, which
contributes abundant adsorption sites and facilitates mass transfer. After polymerization
of polypyrrole on the SnFe,O,/AC surface, the BET surface area decreased to 352.3 m?/g,
while the total pore volume decreased to 0.112 cm®/g. In contrast, the average pore di-
ameter increased to 8.27 nm. The reduction in surface area and pore volume is primarily
attributed to the deposition of PPy within the pore structure and on the composite surface,
resulting in the partial blockage or filling of micropores and mesopores. The increase in
average pore diameter suggests that smaller pores were preferentially occupied by the
polymer layer, leaving a greater proportion of larger pores accessible to nitrogen molecules
during analysis. Despite the decrease in specific surface area following PPy incorporation,
the SnFe;O4/AC/PPy composite retained a well-developed mesoporous structure and
a relatively high surface area suitable for adsorption applications. Moreover, the PPy coat-
ing introduced nitrogen-containing functional groups capable of enhancing interactions
with metal ions through coordination and electrostatic attraction mechanisms. There-
fore, the adsorption performance of the composite is governed not only by its favorable
textural properties but also by the synergistic contribution of surface functional groups,
which collectively enhance the accessibility and affinity of adsorption sites toward target
metal ions.

X-ray photoelectron spectroscopy (XPS) was then utilized to analyze the surface
composition and chemical states of the synthesized SnFe,O,/AC/PPy composite. The
presence of Fe, Sn, O, C, and N, as shown in Figure 6a, was evidenced by the survey
spectrum that illustrates the successful incorporation of SnFe, Oy, activated carbon (AC),
and polypyrrole (PPy) into the composite structure. The high-resolution Fe 2p spectrum
(Figure 6b) was deconvoluted into major peaks. The peak at 710.3 eV can be attributed to the
Fe3* characteristic of the ferrite phase, and the peak at 715.2 eV is specific and corresponds
to the Fe3* /Sn 3p3/2, confirming the interaction of iron and tin species. Moreover, the
peak located at 708.5 eV could be attributed to Fe-Sn bonding; this confirms that Sn can
easily incorporate into the ferrite framework and combine with iron species to produce
SnFe;O4 phase. The high-resolution Sn 3d spectrum (Figure 6¢) exhibits a main peak at
486.5 eV corresponding to Sn?* and/or Sn** species. The coexistence of these oxidation
states suggests the presence of mixed-valence tin, which is consistent with the spinel
SnFe; Oy structure. The O 1s spectrum (Figure 6d) was resolved into three components.
The peak at 530.1 eV is attributed to lattice oxygen associated with metal-oxygen bonds
in the ferrite structure. The peaks at 531.4 and 532.7 eV are assigned to surface oxygen
species related to O=C groups and oxygen-deficient sites in metal oxides, as well as O-C
and —~OH functionalities originating from the carbonaceous and polymeric components of
the composite. The C 1s spectrum (Figure 6e) reveals several characteristic carbon species
associated with activated carbon and the PPy matrix. The peaks at 284.4 and 284.8 eV
correspond to C=C (sp?) and C-C (sp®) bonds, respectively. The component at 286.0 eV is
attributed to C-OH, C-NH, and/or C-O-C groups, while the peak at 287.1 eV is assigned
to C=0 and/or O-C-O species. The signal at 288.1 eV corresponds to O=C-O groups,
whereas the feature at 289.2 eV is attributed to O—(C=0)-O species and/or shake-up
satellite peaks. The shake-up excitation originates from 7—7t* transitions of sp?-hybridized
carbon and aromatic structures, providing further evidence for the presence of conjugated
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carbon domains within the composite. These results confirm the successful incorporation
of activated carbon and polypyrrole into the SnFe;O4/AC/PPy composite. In addition,
the N 1s spectrum shown in (Figure 6f) can be deconvoluted into two separated peaks at
399.8 eV and 401.0 eV, corresponding to C-NH and C-NH+, respectively, confirming that
PPy is incorporated into the synthesized composite. The synthesis of the SnFe,O4/AC/PPy
composite is strongly supported by XPS results. The presence of Fe, 5Sn, O, C, and N, along
with typical chemical states and binding energies from the high-resolution spectra, has
confirmed that a ternary composite has been successfully constructed comprising SnFe,Oy
nanoparticles, activated carbon, and polypyrrole in an integrated form.
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Figure 3. SEM-EDS images for (a,b) SnFe,O4 NPs, (c,d) SnFe,O4/AC, and (e,f) SnFe,O4/AC/

PPy composite.
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Figure 4. SEM-EDS images for SnFe,O,/ AC/PPy composite after (a,b) Pb2* and (c,d) Cd?* adsorp-
tion, respectively.
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Figure 5. N, adsorption—desorption isotherm plots and pore size distribution curves of (a) SnFe,O4/AC,
and (b) SnFe,O,/AC/PPy.

Table 2. Textural parameters of SnFe;Oy4, SnFe;O4/AC, and SnFe,O4/AC/PPy.

Sample BET Surface Area (m?/g)  Total Pore Volume (cm>/g) Pore Diameter (nm)
SI‘IFE204 31.9 - bl
SnFe,O4/AC 1080.6 0.433 6.16
SnFe,O4/AC/PPy 352.3 0.112 8.27
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Figure 6. XPS spectra of the SnFe,O4/AC/PPy composite: (a) survey spectrum and high-resolution
spectra of (b) Fe 2p, (¢) Sn 3d, (d) O 1s, (e) C 1s, and (f) N 1s.

3.2. Effect of Adsorbent Quantity and pH

Adsorption performance in aqueous systems is strongly influenced by several op-
erational parameters, including contact time, adsorbent dosage, temperature, solution
characteristics, and the initial concentration of contaminants. These factors play a crucial
role in determining the adsorption efficiency and overall removal capacity of the adsorbent.
Among the investigated operational parameters, adsorbent dosage has a crucial impact on
determining the adsorption efficiency of metal ions. Changes in the quantity of adsorbent
alter the number of accessible active sites, therefore affecting both the contaminant removal
efficiency and the cost-effectiveness of the adsorption process. Figure 7a represents the
effect of SnFe,0,;/AC/PPy dosage on the removal efficiency of Pb?* and Cd?* ions in
the dosage range of 5-45 mg under the same experimental conditions (pH for Pb?* and
Cd?* solution = 6 and 7, respectively, metal-ion concentration = 25 mg/L at temperature
25 °C). The two metal ions show a clear increase with an increase in the adsorbent dose
from 5 mg to 45 mg. At lower dosages, the few active sites available restrict the uptake of
metal ions, and hence, the removal efficiency is low. As the adsorbent dosage increases, the
surface area and the density of functional binding sites are exposed; therefore, this greatly
improves the interaction between metal ions and the adsorbent, increasing adsorption.
Consequently, the efficiencies of Pb?>* and Cd?* removal increase rapidly, approaching
near-full removal at higher doses. Nevertheless, an additional increase in the removal rate
of Pb?* and Cd?* is minimal at dosages above 25 mg and 35 mg, respectively, suggesting
that the majority of the active sites are already occupied and the system approaches almost
maximum saturation [39]. This indicates that the further addition of adsorbent does not
enhance performance in a proportional way and can result in aggregation of the particles
or overlapping of the sites, thus diminishing the adsorption efficiency in terms of per unit
mass. Hence, the emphasized dosages are the optimal conditions that can achieve a balance
of high material utilization and removal efficiency.
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Figure 7. Effect of adsorbent dosage (a) and pH (b) on the adsorption efficiency of Pb** and Cd**
ions, and the influence of pH on the surface charge on the adsorbent (c).

The solution pH is the strongest parameter since it not only regulates the speciation of
the metal ions but also controls the surface characteristics of the adsorbent and determines
the protonation—-deprotonation behavior of the surface functional groups. Consequently, pH
has a direct influence on electrostatic interaction and surface complexation processes that
lead to metal uptake. The pH influence on the adsorption of Pb?* and Cd?* ions onto the
SnFe;O4/AC/PPy composite was also assessed systematically at adsorbent mass = 35 mg,
metal-ion concentration = 25 mg/L, as in Figure 7b. A high level of acidic conditions
significantly decreased removal efficiency but gradually improved as the pH increased.
Optimal media were observed at pH 6 in the case of Pb?* and pH 7 in the case of Cd?* ions
to achieve high removal efficiency of 95.21% and 87.84%, respectively, and the adsorption
efficiency began to decrease after these optimal pH values. This pattern indicates the
presence of an optimal pH range that promotes efficient adsorption, highlighting the strong
influence of solution chemistry on the adsorption performance.

The reason behind the observed behavior is governed by both the point of zero charge
(pHpzc) of the composite and the aqueous speciation of Pb?* and Cd?* ions. pHpyc of
SnFe;O4/AC/PPy was determined at 4.45, as seen in Figure 7c, and this means that the ad-
sorbent surface is positively charged at lower pHp;. and negatively charged at higher pHpc.
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Electrostatic repulsion of the positively charged surface with the divalent metal cations
occurs at pH values below pHp,c, which inhibits adsorption. In addition, the large quantity
of protons present in acidic media also competes with metal ions over available sites of
adsorption, which greatly inhibits the interaction of metals on the surface [40]. Over the
PHpzc, the deprotonation of the functional groups on its surface forms negatively charged
functional groups that increase electrostatic interaction with Pb?* and Cd?* ions [41]. The
simultaneous decrease in the concentration of protons relieves competitive adsorption, and
more of the metal ions can have access to active binding sites. Pb?* and Cd?* are mostly in
the divalent cationic state at pH 6 and 7-8, respectively, so adsorption is preferred in this pH
range. At elevated pH values, insoluble metal hydroxides are formed, like Pb (OH), and
Cd (OH),, and apparent adsorption efficiency declines as chemical precipitation becomes
a powerful mechanism in removal [42]. Therefore, adsorption experiments conducted
at high pH were not used for isothermal or kinetic modeling to avoid interference from
precipitation effects. All adsorption parameters reported in this study were derived from
experiments performed at pH = 6 and 7, where Pb?* and Cd?* remained predominantly
soluble, and adsorption was the dominant removal mechanism. Furthermore, Pb2* exhib-
ited a higher removal efficiency than Cd?*, indicating a greater binding affinity toward the
active sites of the SnFe,O4/AC/PPy composite. This preferential uptake can be associated
with variations in the physicochemical characteristics of the metal ions, such as ionic radius,
hydration energy, and coordination behavior with the surface functional groups of the
adsorbent, which influence the strength of adsorbate-adsorbent interactions [43,44].

3.3. Adsorption Time and Kinetic Study

Contact time is an important physical parameter in adsorption studies, due to its direct
effect on contamination uptake by the adsorbent. This is very useful as it tells about the
time that metal ions take to interact with active adsorption sites and reach equilibrium
conditions. Maximum adsorption capacity can only be achieved when an adequate amount
of contact time is permitted. On the other hand, short contact times will not allow complete
adsorption to take place and limit metal-ion removal. In order to analyze the equilibrium
behavior of the system, batch adsorption experiments were conducted under controlled
environmental conditions. Figure 8a,b shows the time-dependent behavior of the removal
of Pb?* and Cd?* ions from aqueous solution by the SnFe;O4/AC/PPy composite over
contact periods ranging from 5 to 180 min. The adsorption experiments were conducted at
an initial metal concentration of 50 mg/L for both metal ions, and at a constant temperature
of 25 °C with optimized pH 6 for Pb?* and 7 for Cd?*. The adsorbent dosages employed
in the kinetic experiments were 25 mg for Pb** and 35 mg for Cd?*. A sharp increase
in adsorption efficiency was observed during the early stage of the adsorption process,
particularly within the first 15 min for Pb?* and the first 25 min for Cd?*. This behavior
indicates the rapid occupation of readily accessible active sites on the adsorbent surface.
The high initial adsorption rate can be attributed to the abundance of vacant adsorption sites
and the strong driving force arising from the concentration gradient between the aqueous
phase and the adsorbent surface [45,46]. As the duration of interaction increased, the rate
of adsorption gradually slowed, and the equilibrium was established at 110 min in the case
of Pb?* and 130 min in the case of Cd2*. Beyond these periods, the extension of contact
time did not give any significant enhancement to the removal of metals, implying that the
active sites of the adsorption had been saturated. Additionally, the obtained results indicate
that Pb%* possesses a significantly higher adsorption affinity toward the SnFe,O,/AC /PPy
composite surface than Cd?*, as evidenced by its higher removal efficiency and faster
attainment of adsorption equilibrium. This enhanced adsorption performance suggests
a stronger binding affinity of Pb?* for the active sites and surface functional groups of
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the composite, resulting in more stable metal-adsorbent interactions and facilitating its
preferential adsorption over Cd?* ions.
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Figure 8. The concentration changes and removal efficiency for (a) Pb>* and (b) Cd?* ions during
adsorption times.

In a bid to understand the adsorption process better, the kinetic data of both Pb?*
and Cd?* removal by the SnFe;O4/AC/PPy composite were assessed using pseudo-first
order (PFO) and pseudo-second order (PSO) and intraparticle diffusion kinetic models in
nonlinear equations (Equations (5)—(7)) [47-49].

PFO: 9t = qe (1 - e’klt) ©)

. kagzt
PSO: 0t = Ty (6)
Intra-particle diffusion: qt=K 105 +C )

In these equations, t is the contact time (min); k; (min~1), k; (g/mg-min), and k,
(mg/g/min) are the rate constants of the PFO, PSO, and intraparticle diffusion models,
respectively; gt (mg/g) is the quantity of metal adsorbed with time t (min); and q. (mg/g)
is the calculated equilibrium adsorption capacity.

The results of the fitting, as shown in Figure 9a—c, are collected in Table 3, which
indicates that the PSO is the best model to describe the experimental data, as evidenced by
its higher correlation coefficients (R?) compared to the other models. The high degree of
agreement implies that the adsorption of Pb?>* and Cd?** on the SnFe;O4/AC/PPy com-
posite is dominated by chemisorption processes, which entail the exchange or sharing of
electrons between the metal ions and active sites in the composite surface [50,51]. The cal-
culated k; of Pb?* adsorption was higher than that of Cd?* adsorption, indicating the faster
Pb?* adsorption onto the surface of SnFe,O,/AC /PPy composite. Further information
regarding the diffusion behavior was acquired using the intraparticle diffusion plots in
Figure 9c. The multilinear nature of the plots and their deviation from the origin indicate
that the adsorption process occurs in a series of successive steps instead of occurring under
one diffusion mechanism [52]. The initial linear region is associated with a fast external
mass transfer or boundary-layer diffusion whereby the metal ions are rapidly carried off
the solution into the adsorbent surface, as indicated by relatively large kp; values. The
second stage is a slower intraparticle diffusion process of the ions into the pores of the
composite, which becomes the rate-controlling step. Lastly, the third area is linked with the
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slow diffusion of the ions to deeper microporous active sites, which leads to adsorption
equilibrium [53-55].
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Figure 9. (a,b) Nonlinear regression of adsorption kinetic models, and (c) linear regression of the
intraparticle diffusion model for Pb>* and Cd?* using SnFe,O,/AC /PPy ternary composite.

Table 3. Kinetic parameters for the adsorption of Pb?* and Cd?* ions using SnFe;O4/AC /PPy
ternary composite.

Model Parameter Pb2* Ion Cd?* Ion
e. experimental (mg/ g) 92.08 57.54
Je. calculated (mg/g) 88.28 62.20
PFO K; (1/min) 0.079 0.052
Adjusted R? 0.970 0.976
R? 0.973 0.973
e. experimental (mg/g) 92.08 57.54
Je. calculated (mg/g) 96.13 55.18
PSO K, x 10~* (g/mg min) 11.60 10.08
Adjusted R? 0.998 0.997
R? 0.997 0.996
Kp1 (mg/g/min) 13.93 8.04
IPD step 1 Adjusted R? 0.994 0.988
R? 0.988 0.983
Kp2 (mg/g/min) 3.53 2.35
IPD step II Adjusted R 0.981 0.991
R? 0.975 0.989
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3.4. Metal-Ion Concentration and Isotherm Study

The initial concentration of metal ions in solution plays a significant role in determining
the adsorption performance of an adsorbent. Changes in the initial concentration affect
the driving force for mass transfer between the aqueous phase and the adsorbent surface,
thereby influencing the adsorption process. The effect of initial metal-ion concentration on
the adsorption performance of the SnFe,O,/AC/PPy composite was studied within the
(12.5, 25,50, 75, 100, and 125 mg/L) concentration range under the same conditions of the
experiment (pH for Pb>* and Cd?* solution was 6 and 7, adsorbent dosage for Pb?* and
Cd?* was 25 and 35 mg, respectively). Figure 10a,b show that increasing the concentration
of Pb?* and Cd?* affected both the removal efficacy and the adsorption capacity. At the
lower initial concentrations, the percentage of metal ions removed was high because of
the fact that active sites are available in large numbers as compared to the number of ions
available in the solution. Nevertheless, the removal efficiency decreased with an increasing
metal-ion concentration, which indicates progressive saturation of adsorption binding sites
on the composite surface [56,57]. Moreover, the high concentrations may further increase
the repulsion of the electrostatic force between incoming metal ions and existing adsorbed
ones, making uptake even more difficult [58]. Although the removal percentage decreased,
adsorption capacity increased significantly from 24.01 to 169.56 mg/g of Pb?* and from
16.51 to 87.29 mg/g of Cd?* with increasing the metal concentration from 12.5 to 125 mg/L.
The observed behavior can be explained by the stronger concentration gradient between
the aqueous phase and the adsorbent surface, which occurs when there are more metal
ions. The increasing gradient strengthens the driving force for mass transfer, which helps
ions diffuse more effectively towards active sites until the system reaches saturation [58].
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Figure 10. Effect of metal-ion concentration on the removal percentage and capacity for (a) Pb>* and
(b) Cd?* ions.

In order to interpret the interactions between Pb2* or Cd?* ions and SnFe,O4/AC/PPy
adsorbent, experimental equilibrium data were analyzed with the various adsorption
isotherm models, including the Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich
(D-R) models, as described by Equations (8)—(11) [59-61].

Langmuir: Je = % ®)
Freundlich: qQ = KFCE, /n )
Temkin q. = §n(KrCe) (10)
= —B(RT In(1+4))7,
Dubinin-Radushkevich (D-R): 9e = qm exp|—p( n( + Ce)) ] 1)
E= s
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In these models, C. denotes the equilibrium concentration of metal ions remaining
in solution (mg/L), while qm represents the maximum adsorption capacity predicted by
the Langmuir and Dubinin—-Radushkevich (D-R) isotherms (mg/g). The Ky, parameter
corresponds to the Langmuir adsorption constant (L/mg), and K is the Freundlich ad-
sorption constant (mg/g). Kt refers to the Temkin equilibrium binding constant, whereas
(b) is associated with the adsorption energy or potential. (R) represents the universal gas
constant (J/mol-K), and (T) is the absolute temperature (K). 3 denotes the D-R isotherm
activity coefficient, expressed in mol?/J2.

The data of adsorption equilibrium of Pb?* and Cd?* ions on SnFe;O,/AC /PPy com-
posite was analyzed by the nonlinear terms of the selected isotherm models, as shown
in Figure 11a,b. The respective isotherm coefficients and fitting parameters are summa-
rized in Table 4. The model fittings show that the Langmuir isotherm offers the most
remarkable explanation of experimental data for both metal ions. This is justified by greater
correlation coefficients (R?) using the Langmuir model compared to the other models, and
the correlation coefficients are close to unity, meaning that there is a perfect match be-
tween the theoretical assumptions of monolayer adsorption and experimental equilibrium
results. The strong agreement between the experimental equilibrium data and the Lang-
muir isotherm model suggests that Pb>* and Cd?* adsorption on the SnFe,O,/AC/PPy
composite takes place on a homogeneous surface containing energetically identical active
sites, which supports a monolayer adsorption mechanism. This behavior further implies
that the adsorption process involves physicochemical interactions [62,63]. In addition,
the Langmuir model presupposes a limited number of free adsorbing sites, which means
that the ultimate adsorption capacity of a material is determined by the occupancy of
the sites on the adsorbing surface [64]. The values of the dimensionless separation fac-
tor (Rp) are in the range of 0-1, which proves that the adsorption of both metal ions on
the SnFe O,/ AC/PPy surface is favorable within the studied conditions. The adsorp-
tion capacity was studied systematically because this value is an important parameter
for determining both the performance of the adsorbent and its economic feasibility. The
highest adsorption capacities for Pb>* and Cd?* reached 187.07 and 96.45 mg/g, respec-
tively, using the SnFe,O4/AC/PPy composite. To better evaluate the adsorption ability
of SnFe;O4/ AC/PPy, the obtained maximum adsorption capacities were compared with
those of previously published adsorbents, as summarized in Table 5 [65-73]. The compari-
son indicates that the magnetic SnFe,O4/AC/PPy composite exhibits higher adsorption
capacities than many reported adsorbents. This superior performance can be attributed to
the synergistic effect of activated carbon, which provides high porosity and surface area,
SnFe,O4 nanoparticles that contribute active adsorption sites and magnetic recoverability,
and polypyrrole, which introduces nitrogen-containing functional groups that enhance
metal-ion binding. These results confirm that the developed composite is a promising
candidate for efficient heavy-metal removal from water.

The Freundlich isotherm parameters provide valuable information regarding the
adsorption behavior of the SnFe;O4/AC/PPy composite. The obtained 1/n values for
both Pb?* and Cd?* were within the range of 0-1, indicating favorable adsorption and
strong interactions between the adsorbent surface and the metal ions [74,75]. Furthermore,
the Freundlich constant (Kg), which reflects the adsorption capacity and affinity of the
adsorbent, was found to be 52.31 mg/g for Pb?** and 25.66 mg/g for Cd**. The higher
K value observed for Pb?* suggests a stronger affinity of the composite toward lead ions
compared with cadmium ions [75]. Overall, the relatively high Ky values confirm the
effectiveness of the SnFe,O4/AC/PPy composite as a promising adsorbent for the removal
of heavy metal ions from aqueous solutions, owing to its abundant active sites and strong
binding capability.
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Figure 11. Nonlinear isotherm models for the adsorption of (a) Pb2* and (b) Cd%* ions by SnFe,Oy4/
AC/PPy ternary composite.

Table 4. Selected isotherm parameters for the adsorption of Pb%* and Cd?%* ions using SnFe;Oy4/
AC/PPy ternary composite.

Model Parameter Pb%* Cca*
Langmuir K (L/mg) 0.248 0.170
dmax (Mg/g) 187.07 96.45

Adjusted R? 0.987 0.992

R2 0.983 0.989

Freundlich 1/n 0.343 0.315
K (mg/g) 52.31 25.66

Adjusted R? 0.934 0.921

R? 0.918 0.901

Temkin Bt (J/mol) 35.50 18.16
K (L/mg) 1.105 1.143

Adjusted R? 0.982 0.975

R2 0.978 0.968

Dubinin-Radushkevich (D-R) qs (mg/g) 148.99 80.78
E (KJ/mol) 1.089 0.614

B (mol?/J?) x 1077 4.21 13.24

Adjusted R? 0.861 0.879

R? 0.827 0.848

The Dubinin—-Radushkevich (D-R) isotherm model was employed to evaluate the
adsorption energy associated with the uptake of Pb®* and Cd?* ions. The calculated
mean free adsorption energy (E) values were 1.089 and 0.614 k] /mol for Pb?* and Cd?*,
respectively. Since both values are considerably lower than 8 k] /mol, the adsorption process
is predominantly governed by physical interactions, such as weak van der Waals forces
and electrostatic attractions, rather than chemical bond formation [76,77]. These findings
suggest that physisorption plays a significant role in the removal of both metal ions by the
SnFe,04/AC/PPy composite. Nevertheless, when considered together with the kinetic
and equilibrium isotherm analyses, the overall adsorption mechanism can be characterized
as a physicochemical process involving the combined contribution of physical adsorption
and surface interactions at the active adsorption sites [78,79].
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Table 5. Comparative adsorption capacities of SnFe,O,/AC/PPy composite and various adsorbents
for Cd%* and Pb?* removal from wastewater.

Adsorption Capacity (mg/g)

Adsorbents Reference
Pb2+ Cd2+
MnFe,O4 nanocomposite (BC/FM) 154.94 127.83 [65]
Magnetic biochar composite (MBC) 142.00 125.00 [66]
Fe304—CS composite 23.75 12.38 [67]
Fe;04@5i0,-NH; /GO nanocomposite 13.46 18.58 [68]
Hardwood composite (HWC) 207.90 119.60 [69]
Activated carbon 9.30 9.26 [70]
PPy /Fe304 composite 11.35 8.92 [71]
r-GO/PPy/5iO; composite 19.30 - [72]
Fe;0,@5i0,@PPy-PANI magnetic nanocomposite 98.00 84.00 [73]
SnFe,O4/AC/PPy composite 187.07 96.45 This work

3.5. Adsorption Thermodynamics

The temperature dependence of Pb?* and Cd?* ions adsorption behavior on the
SnFe;,O4/ AC /PPy composite was systematically studied at a temperature range of 25 to
45 °C under the same conditions (concentration of both metal ions: 12.5 mg/L, pH for
Pb?* and Cd?* solution = 6 and 7, respectively, adsorbent mass for Pb?* and Cd?*: 25 and
35 mg, respectively). Figure 12a,b indicate that the adsorption capacity and the removal
efficiency reduced gradually as the temperature increased. In particular, the adsorption
capacity of Pb?* decreased from 24.01 to 22.02 mg/g, while that of Cd?* declined from
16.51 to 14.67 mg/g as the temperature increased from 25 to 45 °C. On the same note,
the percentage of elimination decreased from 96.05% to 88.07% for Pb?* and from 92.48%
to 82.17% for Cd?*, corresponding to reductions of approximately 7.98% and 10.31%,
respectively. Interestingly, the greater reduction observed for Cd?* compared to Pb**
suggests that Cd?* adsorption is more sensitive to temperature variations. This behavior
may be attributed to the relatively weaker binding affinity of Cd?* toward the active
adsorption sites of the SnFe,O,;/AC /PPy composite, whereas Pb?* tends to form more
stable surface complexes with oxygen- and nitrogen-containing functional groups. As
a result, increasing temperature promotes the desorption of Cd?* ions more readily than
Pb?* ions, leading to a larger decrease in adsorption capacity and removal efficiency. These
findings suggest that low temperatures are more suitable for effective metal-ion uptake.
The decrease in adsorption performance as observed at high temperatures implies that
the adsorption of Pb?* and Cd?* onto the SnFe,O,/AC /PPy composite is an exothermic
reaction. This behavior may be caused by a number of factors, such as the weakening of
van der Waals forces between metal ions and surface binding sites, enhanced propensity
of desorption and release of ions to the solution, and potential changes in structure or
morphology of the adsorbent that decrease the stability of active sites [80-82]. Moreover,
increasing temperatures improves the mobility of metal ions and decreases the thickness of
the boundary layer around the adsorbent particles, which allows ions to escape from the
surface and lowers the adsorption efficiency [83].

In order to further understand the thermodynamic character of the adsorption
process, the standard thermodynamic parameters were calculated based on the use
of Equations (12) and (13). In the equations, R stands for the universal gas constant
(8.314 J/mol-K), T for the absolute temperature (K), Ky for the distribution coefficient
which is determined by using the formula K4 = (qe/Ce), where qe (mg/g) represents
the quantity of adsorbed metal ions at equilibrium, and C, (mg/L) is the corresponding
equilibrium concentration of metal ions in solution. The slope and the interception of the
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Van’t Hoff plot (Figure 12c) were used to determine the values of the Gibbs free energy
change (AG®), enthalpy change (AH?), and entropy change (AS®); the obtained values are

summarized in Table 6.
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Figure 12. Effect of temperature on adsorption efficiency and capacity of (a) Pb?>* and (b) Cd?* ions,
and (c) linear relationship of In (qe /Ce) vs. 1/T.

Table 6. Thermodynamic parameters for Pb>* and Cd?* ion adsorption by SnFe,O4/ AC /PPy composite.

Metal Ions Temperature (°C)  AG° (kJ/mol) AH° (kJ/mol) AS° (J/mol - K)

25 —9.81
30 —-9.13
Pb2+ 35 —8.46 —49.74 —134.03
40 —7.79
45 —7.12
25 —7.33
30 —6.61
Cd?+ 35 —6.07 —38.82 —106.31
40 —5.54
45 —5.01
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The negative values of AS® indicate that the degree of randomness at the solid-solution
interface is reduced during the adsorption of the ions, indicating a more ordered ar-
rangement of Pb** and Cd?* ions on the adsorbent surface [84]. The enthalpy values
(AH®) were found to be —49.74 kJ/mol in the case of Pb>* and —38.82 kJ/mol in the
case of Cd?*, which confirmed that the adsorption process was exothermic [85]. In ad-
dition, AH® values ranged from 25 to 80 kJ/mol, suggesting that physicochemical in-
volvement in the adsorption [86-88], which is consistent with the kinetic analysis and
Dubinin—-Radushkevich isotherm results. Additionally, the AG® values of both metal ions
are negative, which also indicates that the adsorption is spontaneous, and their values
decrease with a rise in temperature, without exceeding 20 kJ/mol, indicating that the
adsorption process is more favorable at low temperatures [89].

3.6. Effect of Interfering lons, Regeneration Study

The presence of competing ions in the aqueous medium has a significant impact on
the adsorption capacity of adsorbent materials for metal ions. In real-life applications,
industrial effluents consist of more than one kind of ion that may compete with target ions
for adsorption sites. The adsorption efficiency of adsorbent materials in the presence of
these ions should be tested. In that context, the interference of common cations (Na*, K*,
Mg2+, and Ca2+) and anions (C1~—, NO3;~, and 8042_) to adsorb lead and cadmium ions at
a concentration of 12.5 mg/L by the SnFe,O4/AC/PPy composite adsorbent was explored.
In the process, the interfering ions and either lead or cadmium ions were separately added
to an aqueous medium, and then the adsorbent materials were added to the medium along
with stirring for 180 min at 25 °C. At the end of the process, the concentration of lead and
cadmium ions left in the medium was analyzed. As presented in Figure 13a,b, the addition
of monovalent cations such as Na* and K* displayed very slight effects on the adsorption
performance of Pb?* and Cd?*. The weak interference can be attributed to the lower charge
density and stronger hydration that resulted in low competition with heavy metal ions
for the active sites of the composite. In contrast, Mg?* and Ca?* divalent cations inhibited
the adsorption process to a greater extent due to their higher charge and thus strong
electrostatic attraction on the adsorbent surface. This suggests that SnFe,O,/AC/PPy
tends to preferentially interact with metal ions possessing higher valence [90,91]. Among
the divalent ions, Ca?* resulted in a more substantial decrease in the efficiency of adsorption
compared to Mg?*, which can be attributed to its lower hydrated ionic radius. In general,
adsorbed ions with smaller hydrates will have a better opportunity to move towards the
binding points of adsorption [92]. Additionally, Mg?* exhibits higher hydration enthalpies
(—1830 kJ /mol) than Ca?* (—1505 kJ/mol), indicating higher binding affinities of Mg?*
to water molecules, thus reducing the competitive abilities of these metal ions towards
the binding sites than Pb?* and Cd?* [93]. Moreover, it can be seen that Ca* has a more
pronounced inhibitory effect on Cd?* than on Pb?*. This can be explained by differences
in the value of the hydration radius between these ions. It is reported that Ca’* has
a smaller hydration radius than Cd?* but a larger value than Pb?* [94]. Among ions of
identical charge, as the value of the hydration radius reduces, ion exchange and competitive
adsorption mechanisms are more likely. Hence, the competition of Ca?* ions with Cd?* for
placement on the active sites of the adsorbent is greater compared to Pb?*.

Regarding the effects of anions, Figure 13a,b reveal that CI~ and NO3 ™ had no interfer-
ence effects on the adsorption of Pb?* and Cd?*, whereas SO42~ decreased the adsorption
capacity significantly for both metal ions. These effects may be related to the affinity of the
sulfate ion to form inner- and outer-sphere complexes with the surface functional groups
of the adsorbent material [95]. On the other hand, the negative charge on the surface of the
composite material causes electrostatic repulsion to the anions, thus indirectly contributing
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to the adsorption of the positively charged Pb>* and Cd?* ions [96]. Nevertheless, the affin-
ity of the SO, ion significantly decreases the adsorption capacity by reducing the number
of available adsorption sites on the adsorbent material surfaces. Therefore, in the presence
of competing ions, the composite material SnFe,O,/AC/PPy showed a high capability
for the adsorption process. This verifies that the composite material, SnFe,O4/AC /PPy,
possesses a high potential for the effective removal of Pb?* and Cd?* ions from a complex
system of wastewater containing other ions.
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Figure 13. The impact of interference cations and anions on the adsorption of (a) Pb2*, (b) Cd?* ions,
and (c) the reusability study of SnFe,O,/AC/PPy ternary composite in the removal of Pb?* and
Cd?* ions.

The reusability and regeneration of an adsorbent are among the most important con-
siderations for evaluating its practical convenience and economic feasibility in wastewater
treatment [97]. In this context, the reusability of the SnFe,O4/AC/PPy composite was
systematically checked under controlled experimental conditions (25 °C, initial metal ion
concentration 12.5 mg/L for both metal ions, pH 6 for Pb?* and pH 7 for Cd?*, contact
time of 180 min, and adsorbent dosages of 25 mg for Pb?* and 35 mg for Cd*). Repeated
adsorption—-desorption experiments were performed with 0.1 M HCI as the regenerant. As
shown in Figure 13c, the removal efficiencies of Pb?* and Cd?* gradually decreased over
five consecutive adsorption—-desorption cycles, from 96.05% to 85.11% and from 92.48%
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to 81.15%, respectively. The overall reduction in removal efficiency after five cycles was
approximately 10.94% for Pb?* and 11.33% for Cd?*. This decrease can be attributed
mainly to the incomplete desorption of metal ions and the gradual coverage of active sites
rather than permanent deactivation of the adsorbent [98]. Nevertheless, the composite
retained high removal efficiencies after repeated use, demonstrating its good regeneration
capability and stability. Notably, the magnetic nature of the SnFe,O4/AC/PPy compos-
ite enabled its rapid and efficient separation from the aqueous phase using an external
magnetic field, eliminating the need for filtration or centrifugation and facilitating easy
recovery of the adsorbent. This magnetic recoverability minimizes material loss during
adsorption—desorption cycles, simplifies the regeneration process, and enhances the practi-
cal applicability and economic feasibility of the composite for water treatment applications.
To further investigate the cause of the slight performance decline, post-regeneration charac-
terization was conducted after five adsorption—desorption cycles. XRD analysis revealed
that the characteristic diffraction peaks of the composite remained essentially unchanged,
with no significant shifts in peak positions or evidence of structural deterioration. These
results confirm that the crystalline structure of the composite was preserved throughout the
regeneration process. Therefore, the observed decrease in adsorption efficiency is primarily
associated with residual adsorbed ions and partial occupation of active adsorption sites
rather than structural degradation of the adsorbent. Furthermore, satisfactory regeneration
performance suggests that adsorption is predominantly governed by reversible surface
interactions, including surface complexation and electrostatic attraction, while irreversible
pore-filling effects play a secondary role. These findings demonstrate the excellent struc-
tural stability, magnetic recoverability, and reusability of the SnFe,O4/AC/PPy composite
for repeated heavy-metal removal applications.

3.7. The Proposed Adsorption Mechanism

Studying the mechanism of heavy metal adsorption provides essential information
about the interactions between the SnFe,O,/AC /PPy composite and Pb>* /Cd?* ions. It
shows the role of parameters and influencing factors in the removal process. In general,
various mechanisms such as physical adsorption, chemical adsorption, electrostatic in-
teractions, hydrogen bonds, redox interactions, complexation, ion exchange, chemical
precipitation, and sorption by pores are involved in the adsorption of heavy metals [99].

To gain deeper insight into the specific adsorption pathways, comprehensive post-
adsorption characterizations were performed for SnFe,O4/AC/PPy composite. The surface
morphology of SnFe,O,/AC/PPy was examined using SEM-EDS after Pb>* and Cd?*
uptake, as displayed in Figure 4. The SEM images demonstrate that there is an observable
difference in surface texture of the composite, which has become rougher and partially
covered, and this is an indication that there is an effective interaction between metal ions
and available adsorption sites Figure 4a,c. The clear presence of Pb (4.02 wt.%) and Cd
(1.35 wt.%) in the respective EDS spectra indicates the successful uptake of heavy metal
ions, as shown in Figure 4b,d. These findings highlight the cooperative role of the porous
architecture, PPy coating, and magnetic SnFe,O4 nanoparticles in enhancing overall ad-
sorption capacity. Meanwhile, the XRD patterns of the SnFe,O4/AC/PPy composite before
and after Pb?* and Cd?* adsorption (Figure 14a) exhibit the characteristic diffraction peaks
without the appearance of new crystalline phases. Although slight changes in diffraction
peak intensities were observed after adsorption, no significant shifts in peak positions
occurred, indicating that the crystal structure of the composite remained largely unchanged
during the adsorption process. The observed intensity variations may be attributed to the
adsorption of Pb?* and Cd?* ions on the composite surface and their interaction with the
active adsorption sites. The preservation of the characteristic diffraction peaks demon-
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strates that metal-ion uptake occurred mainly through surface interactions rather than
structural transformation of the adsorbent. These results confirm the excellent chemical
and structural stability of the SnFe,O4/AC/PPy composite and support its suitability for
repeated adsorption—desorption applications.
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Figure 14. (a) XRD, (b) FT-IR, and XPS spectra (c) full scan of SnFe,O4/AC /PPy composite before
and after Pb%* and Cd?* adsorption with high resolution of (d) Pb 4f and (e) Cd 3d.
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Further evidence from FTIR spectroscopy confirms the active participation of diverse
surface functional groups (Figure 14b). Specifically, the broad band corresponding to O-H
and N-H stretching, originally centered at 3439 cm~!, undergoes a shift to 3429 cm™!
for Pb?* and 3447 cm~! for Cd?*, accompanied by a marked decrease in intensity. This
behavior unequivocally demonstrates the involvement of hydroxyl and amine moieties
in metal binding via surface complexation and electrostatic attraction. Additionally, the
band at 1632 cm ™!, attributed to overlapping C=0 and C=C stretching vibrations from
activated carbon and polypyrrole, shifted after adsorption. These changes suggest that
Pb?* and Cd?* ions interact with oxygen-containing functional groups on the composite
surface. The observed variation in the C=C-related vibration may also indicate possible
interactions between the metal ions and the 7-electron-rich structure of activated carbon
and polypyrrole. Characteristic polypyrrole bands at 1548, 1453, and 1382 cm ™! (attributed
to C=C and C-N vibrations of the pyrrole ring) exhibit both shifts and intensity attenuation,
confirming that nitrogen sites actively participate through electrostatic interactions and
metal-ligand coordination. The bands corresponding to C-N and H-N stretching at 1168
and 1037 cm~! also show a shift to lower frequencies after adsorption, thus confirming
the formation of inner-sphere surface complexes. In addition, variations in the aromatic
and pyrrole ring out-of-plane deformation bands at 875 and 776 cm ™! after adsorption
suggest that the aromatic structures of activated carbon and polypyrrole may participate
in the adsorption process. These changes are consistent with the possible contribution of
cation—t interactions between Pb?* /Cd?* ions and 7t-electron-rich regions of the composite.
The slight shift in wavenumber and decrease in intensity of the Fe-O stretching band at
589 cm ! after adsorption confirm weak interactions with ferrite surfaces while maintain-
ing structural characteristics of SnFe,O4. Therefore, the presence of functional groups
(-OH/-NH-, O-H, C-N, C=0, -COOH, C=C, and Fe-O) in the composite was an important
factor in Pb** /Cd?* ion adsorption on SnFe,O,/AC /PPy composite materials. Collectively,
the FTIR spectral analysis confirms that Pb?* and Cd?* adsorption proceeds via synergy
among surface complexation, electrostatic attraction, and cation—7t bonding.

In terms of electrostatic contributions, the adsorption process is significantly influ-
enced by solution pH. The composite exhibits a point of zero charge (pHypz.) of 4.45. At pH
values exceeding this threshold, the adsorbent surface becomes negatively charged, thereby
promoting electrostatic attraction toward positively charged Pb?* and Cd?* species. The op-
timal removal conditions are observed at pH 6 for Pb?* and pH 7 for Cd?*. According to the
Hard and Soft Acids and Bases (HSAB) theory, the -OH and -NH groups on the composite
behave as hard bases, showing favorable interactions with borderline (Pb%*) and soft (Cd%*)
acid cations. Physical adsorption may also contribute to the overall adsorption process
through pore filling within the porous structure of the composite. However, considering
the significant decrease in BET surface area and pore volume, coupled with the increase
in average pore diameter after PPy coating (Table 2), pore filling is likely a secondary
adsorption pathway. The increase in average pore diameter suggests that smaller pores
were preferentially covered or partially filled by the polymer layer, leaving relatively larger
pores accessible. Therefore, the enhanced adsorption performance is primarily attributed
to surface complexation and electrostatic interactions associated with the functional groups
introduced by PPy, whereas pore filling serves as a complementary adsorption and sec-
ondary adsorption mechanism for Pb?* and Cd?* uptake. Kinetic analysis reveals that
the adsorption data conform to the pseudo-second-order (PSO) model, indicating that
chemisorption steps such as hydrogen bonding and complex formation control the overall
uptake rate. Furthermore, the Dubinin—-Radushkevich (D-R) isotherm yields an adsorption
energy (Ep.r) for Pb?* ions were lower than 8 k] /mol, suggesting a physical adsorption
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mechanism. Altogether, the dominant mechanisms include coordination/complexation,
electrostatic attraction, pore filling, and cation—7t coordination.

To further expound the detailed mechanism of SnFe,O4/AC/PPy in water purifi-
cation, the elemental composition and chemical state of SnFe;O4/AC/PPy before and
after Pb%* /Cd?* adsorption were illustrated via XPS analysis (Figure 14c—e). The survey
spectrum exhibits well-resolved peaks at 285, 400, 531, 486, and 710 eV, corresponding
to C1s,N 1s, O 1s, Sn 3d, and Fe 2p, thereby corroborating the successful incorporation
of activated carbon, polypyrrole, and SnFe,Oy, into the composite architecture. Upon
Pb?* and Cd%* uptake, slight shifts in the binding energies of C, N, and O are detected,
implying direct electronic perturbations arising from metal-surface coordination. Notably,
the high-resolution Pb 4f spectrum exhibits two characteristic peaks at 138.4 and 143.7 eV,
corresponding to Pb 4f;,, and Pb 4f5,, respectively. These peaks are consistent with the
interaction between Pb?* ions and oxygen- and nitrogen-containing functional groups
on the composite surface [100]. Similarly, the high-resolution Cd 3d spectrum displays
two characteristic peaks at 405.8 and 412.5 eV, assigned to Cd 3ds,, and Cd 3d3,,, re-
spectively. The presence of these peaks suggests coordination interactions between Cd?*
and the O- and N-containing functional groups of the composite [101,102]. Collectively,
these XPS findings offer compelling evidence that Pb?>* and Cd?* ions are chemically im-
mobilized onto the composite surface via specific binding with oxygen and nitrogen-rich
functional groups. Therefore, the obtained results suggest that the adsorptive removal of
Pb%* and Cd?* by the SnFe,O,/AC/PPy composite is primarily governed by complexation
with nitrogen- and oxygen-containing functional groups, electrostatic attraction, and pore
filling, while cation—m interactions may also contribute to the overall adsorption process
(Figure 15).
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Figure 15. The adsorption mechanism of Pb** and Cd?* ions by SnFe,O,/AC/PPy composite.
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4. Conclusions

A novel SnFe,O,/AC/PPy magnetic composite effectively removes Pb?* and Cd?*
ions from aqueous solutions. Various characterization techniques, such as FTIR, XRD, SEM,
BET, XPS, and VSM, verified the successful formation of a porous hybrid structure with
a certain surface area of 352.3 m?/g and a sufficient amount of magnetic saturation to
perform a rapid magnetic separation. The paper examined its adsorption properties using
kinetic, isotherm, and thermodynamic analysis. The effects of various operating param-
eters, such as solution pH, contact time, initial metal concentration, adsorbent dose, and
temperature, were studied to find out the optimum conditions for sorption. The maximum
removal efficiencies were obtained as 95.02% for Pb?* and 92.48% for Cd?* ions. Kinetic
experiments showed that the pseudo-second-order (PSO) model fitted the experimental
data, indicating that the adsorption was governed by surface interactions between the
metal ions and the active sites of the composite. The Langmuir isotherm model, which is
based on monolayer adsorption onto a homogeneous surface, described equilibrium data
with maximum adsorption capacities of 187.07 mg/g for Pb?>* and 96.45 mg/g for Cd>*.
Dubinin-Radushkevich (D-R) model analysis of the data revealed that the mean adsorp-
tion energies were less than 8 k] /mol; thus, the uptake process was favored by physical
interactions with chemical contribution. The thermodynamic parameters indicated that
the adsorption of both metal ions was spontaneous and exothermic, as indicated by nega-
tive values of Gibbs free energy and enthalpy. Furthermore, regeneration and reusability
investigations revealed that the SnFe;O4/AC/PPy composite maintained a high removal
efficiency after five sequential adsorption-desorption cycles, indicating its structural sta-
bility and recyclability. Overall, the results show that the synthesized SnFe,O4/AC/PPy
magnetic composite is a highly efficient, reusable, and promising adsorbent for removing
heavy metals from contaminated water systems.
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