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ABSTRACT:

Perfluorooctanoic acid (PFOA), a persistent "forever chemical," contaminates water globally and is
linked to adverse health outcomes. Conventional adsorbents are costly or ineffective. Calcium rich
biochar offers a sustainable alternative by leveraging cation bridging chemistry to enhance PFOA
uptake from waste precursors. This study evaluates calcium doped snail shell biochar (Ca-SSB) as a
low cost waste derived adsorbent for PFOA removal by characterizing surface chemistry and testing
pH, dosage, concentration, and contact time effects. Snail shells (Lissachatina fulica) were pyrolyzed
at 700°C and impregnated with calcium chloride. The resulting Ca-SSB was characterized using
SEM-EDX, XRD, and FTIR. EDX confirmed 54.91 wt.% calcium loading. Batch adsorption
experiments were conducted across pH 3—11, dosages 0.05—0.25 g/L, initial PFOA concentrations 5—
100 mg/L, and contact times 0—2880 minutes. Pseudo second order kinetics (R? = 0.914) dominated,
out of all the other models that were fitted, indicating chemisorption. Equilibrium data were modelled
using Langmuir, Freundlich, Sips, Redlich-Peterson, and Temkin isotherms, of which the Sips
isotherm provided the best fit (R? = 0.994), confirming heterogeneous surface binding. Ca-SSB
achieved 79.54% PFOA removal at pH 11 and 0.25 g/L dosage (50 mg/L PFOA, 2880 min). Removal
efficiency declined sharply at elevated concentrations (4.56% at 100 mg/L), reflecting saturation of
calcium sites. Calcium doped snail shell biochar effectively removes PFOA via calcium mediated
bridging and is a promising, sustainable adsorbent for circumneutral to alkaline water treatment
systems.

Keywords: PFOA adsorption, Snail shell biochar, Calcium impregnation, Waste valorisation, Water
treatment

1.1. INTRODUCTION

Perfluorooctanoic acid (PFOA), a legacy per- and polyfluoroalkyl substance (PFAS), is central to the
"forever chemical" problem. It combines extreme persistence with broad industrial use and global
occurrence in water and biota (Kurwadkar et al., 2021; Narasimhappa et al., 2025). PFAS are widely
distributed in the environment, detected in surface and groundwater at ng/L to ug/L scales and found
in drinking water, food, air, and human serum. Industrial sources include firefighting foams,
fluoropolymer manufacture, semiconductor materials, and consumer products such as nonstick
cookware, stain-resistant textiles, cosmetics, and food-related materials (Espaiia et al., 2015; Lampert
et al., 2007; Chavan et al., 2024). PFAS persistence matters because they bioaccumulate and are
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linked to endocrine disruption, immune suppression, obesity, elevated cholesterol, reproductive
toxicity, developmental effects, and cancer (Narasimhappa et al., 2025; Chavan et al., 2024).
Regulatory pressure has tightened quickly. Earlier U.S. guidance for PFOA and PFOS was 70 ng/L,
and in April 2024 the EPA tightened the maximum contaminant level for certain PFAS to 4 or 10
ng/L. Many PFAS have been listed as persistent organic pollutants internationally (Singh and Singh,
2017; Shin et al., 2025; Kurwadkar et al., 2021).

Conventional water treatment struggles to address PFOA chemistry. PFOA and PFOS have low
volatility and high water solubility, making them difficult to remove efficiently with conventional
treatment technologies. Even activated carbon, the standard approach, has recognized limitations for
PFOA removal (Singh and Singh, 2017; Espaia et al., 2015). Recent reviews emphasize that
conventional adsorbents such as ion-exchange resins, zeolite, and when dissolved organic matter is
present (Peng et al., 2024; Zhao et al., 2026). Adsorption has become the dominant remediation
strategy because it is operationally simple, relatively cheap, and mature enough to integrate into
existing treatment systems (Peng et al., 2024; Guo et al., 2025). Literature spans activated carbon, ion-
exchange resins, minerals, biochar, and newer porous materials such as metal-organic frameworks.
Engineered biochars show particularly promising quantitative data. A modified sludge biochar
reached a theoretical PFOA capacity of 45.88 mg/g, a Fe-functionalized biochar reached 233 mg/g,
and a KHCO3-modified biochar reached 514.8 mg/g. A Ca/Mg-rich designer biochar achieved near-
quantitative PFOA removal of greater than 99 percent under optimized conditions (Zhang et al., 2023;
Guo et al., 2024; Hu et al., 2025; Zheng et al., 2026). Granular activated carbon and ion-exchange
resins remain the standard benchmark materials, though dissolved organic matter can erode their
performance and exact capacity data are often context dependent (Kasalica et al., 2024; Peng et al.,
2024).

Biochar is attractive because it uses abundant waste feedstocks and is cheaper than many engineered
sorbents. However, pristine biochar often underperforms activated carbon for PFAS capture because
its surface chemistry is not optimized for anionic PFOA (Behnami et al., 2024; Chavan et al., 2024).
Calcium enhancement addresses this gap through cation-bridging chemistry. Recent designer-biochar
work showed that Ca2+ and Mg2+ species could drive PFAS uptake through hydrophobic
interactions, electrostatic attraction, and cation bridging, producing near-quantitative PFOA removal
under optimized conditions (Zheng et al., 2026). Calcium-modified biochars in other adsorption
systems show that calcium-rich surfaces can shift mineral phase composition and increase adsorption
or precipitation capacity, supporting calcium enrichment as a design strategy (Nan et al., 2023). Snail
shell provides an interesting basis for this calcium strategy because it is already a calcium-rich
bioceramic waste stream. Snail shell is a low-cost, natural animal waste material with very high
calcium content and substantial surface area potential for sustainable adsorbents (Nhung et al., 2023;
Panpho et al., 2023; Vu et al., 2025). Pyrolysis studies show that snail-shell carbonates transform into
calcium-oxide-containing solids during heating. Snail shell is therefore an appealing precursor for
calcium-rich biochar because it brings intrinsic mineral functionality and valorizes a waste material
that would otherwise remain underused. No published study on PFOA with calcium-doped snail shell
biochar was found in the literature surveyed, identifying this as a genuine research gap.

This study therefore evaluates calcium doped snail shell biochar as a low-cost, waste-derived
adsorbent for PFOA removal by testing pH, initial concentration, contact time, and dosage effects, and
by fitting kinetic and isotherm models to clarify adsorption mechanism. If the material performs as
expected, the work would show that a locally available waste precursor can be converted into a
scalable remediation medium for PFAS contaminated water while extending the design logic of
calcium-mediated sorbents for persistent anionic pollutants (Behnami et al., 2024; Zheng et al., 2026).
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2.1. MATERIAL AND METHODS

2.1.1. Overview

This study employs a combined experimental and analytical approach to characterize calcium doped
snail shell biochar (Ca-SSB) and evaluate its adsorption performance for perfluorooctanoic acid
(PFOA) removal from aqueous solution. The methodology comprises material synthesis,
physicochemical characterization, batch adsorption kinetics and isotherm studies, all of which are
detailed below.

2.1.2. Materials

Perfluorooctanoic acid (PFOA) was obtained from Sigma Aldrich (USA) and used as the target
emerging contaminant. Calcium chloride dihydrate (CaCI2.2H20, Vickers Laboratories Ltd, England)
served as the calcium impregnation agent. Sodium hydroxide (NaOH, MolyChem Industries, India)
and hydrochloric acid (HCI, 0.1 M and 0.5 M prepared from concentrated analytical grade stock) were
employed for pH adjustment during adsorption experiments. Sodium chloride (NaCl, 0.5 M, Sigma
Aldrich) functioned as background electrolyte for point of zero charge determination. All reagents
were of analytical grade, and deionized water (resistivity >18 MO.cm) was used throughout.

2.1.3. Equipment

Characterization analyses employed the following instrumentation: Hitachi S4800 scanning electron
microscope (SEM) equipped with integrated energy dispersive X-ray (EDX) detector for elemental
analysis and surface morphology assessment; Rigaku Miniflex 600 X-ray diffractometer with Cu-Ka
radiation for crystalline phase identification; Shimadzu IRTracer-100 Fourier transform infrared
(FTIR) spectrometer for surface functional group analysis; calibrated pH meter (precision +0.05 pH
units) for pH monitoring and control. Adsorption experiments utilized 1000 mL borosilicate glass
beakers, orbital shakers maintained at 250 rpm (for equilibration studies) or magnetic stir plates at
approximately 150 rpm (for kinetic and isotherm studies), and 0.2 micrometre syringe filters for
sample clarification. Temperature control was achieved using temperature controlled water baths (£1
degree Celsius precision). All samples were analysed for residual PFOA concentration using
ultraviolet visible (UV-VIS) spectrophotometry at 220nm absorption wavelength for PFOA. All
experimentation calibration and sampling were carried out in accordance to the reports in existing
literatures (Stoycheva,et al, 2026; Zarei et al., 2025).

2.1.4. Ca-SSB Preparation and Processing

Snail shells (Lissachatina fulica) were sourced from local vendors at Maa market, Warri South Local
Government Area, Delta State, Nigeria. Prior to processing, shells underwent comprehensive cleaning
to remove surface contaminants. Shells were immersed in deionized water for three days to leach
surface impurities, then subjected to repeated rinsing with deionized water and dilute salt solutions to
remove adherent organic residues including mucopolysaccharides and proteinaceous material. Final
purification involved multiple rinses with deionized water until wash water ran clear, followed by sun
drying for five days to achieve moisture equilibrium.

Dried shells were then crushed using a laboratory mortar and pestle, then further ground using a hand
grinder (Heller machine) to powder form. The resulting material was sieved through a 150 micrometre
mesh screen, and the less than 150 micrometre fraction was retained and stored in sealed containers to
prevent moisture reabsorption and oxidation. Snail shell powder underwent thermal decomposition in
a muffle furnace at 700 degrees Celsius, employing a controlled heating rate of 10 degrees Celsius per
minute and a residence time of two hours at peak temperature. Upon completion of the pyrolysis
cycle, samples cooled passively to 30 degrees Celsius within the furnace chamber before removal.
The resulting product, designated snail shell biochar (SSB), was cooled to ambient temperature,
packaged in airtight containers, and stored in a desiccator to minimize atmospheric moisture uptake
and carbonaceous oxidation.

Base snail shell biochar was modified through cation impregnation to enhance calcium loading and
adsorption activity. A 20 gram aliquot of SSB was thoroughly blended with 40 millilitres of a 2.0
molar calcium chloride dihydrate solution in a 1:2 mass to volume ratio. The resulting slurry was
subjected to vigorous mechanical stirring for homogenization, allowed to equilibrate for one hour at
ambient temperature, then transferred to a convection oven and dried at 60 degrees Celsius for three to
five days until complete moisture removal. The dried composite was manually pulverized using a
ceramic mortar, sieved through a 150 micrometre mesh, and stored in airtight containers at ambient
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temperature. The resulting product, designated calcium doped snail shell biochar (Ca-SSB), was used
as the primary adsorbent for all subsequent PFOA adsorption experiments.

2.1.5. Physicochemical Characterization of Ca-SSB

Powdered Ca-SSB samples were characterized using scanning electron microscopy with energy
dispersive X-ray spectroscopy (Hitachi S4800, Japan) to determine particle morphology, and
elemental composition, with focus on calcium loading confirmation. X-ray diffraction analysis
(Rigaku Miniflex 600 diffractometer, Cu-Ka radiation) was employed to identify and quantify
crystalline phases present in Ca-SSB. Surface functional groups were characterized using Fourier
transform infrared spectroscopy (Shimadzu IRTracer-100, transmission mode) to confirm the presence
of hydroxyl, carbonyl, and ether/ester functionalities relevant to PFOA binding. Together, these three
techniques provided complementary information on the physical structure, mineral composition, and
chemical surface properties of the prepared adsorbent.

2.1.6. Batch Adsorption Studies (using One Factor at a Time optimization)

Batch adsorption experiments were conducted at 25 degrees Celsius in 1000 millilitre glass beakers
with continuous stirring at approximately 150 revolutions per minute. Contact time was varied from 0
to 2880 minutes (0, 10, 30, 60, 120, 360, 720, 1440, 2160, and 2880 minutes) at fixed adsorbent
dosage of 0.1 grams per litre, PFOA concentration of 50 milligrams per litre, and pH 7 to establish
kinetic profiles. Adsorbent dosage was varied from 0.05 to 0.25 grams per litre at fixed contact time
of 1440 minutes, PFOA concentration of 50 milligrams per litre, and pH 7. Solution pH was varied
from 3 to 11 (3,5, 7,9, and 11) at fixed dosage of 0.25 grams per litre, contact time of 1440 minutes,
and PFOA concentration of 50 milligrams per litre. Initial PFOA concentration was varied from 5 to
100 milligrams per litre (5, 10, 20, 50, and 100 milligrams per litre) at fixed dosage of 0.25 grams per
litre, contact time of 2880 minutes, and pH 7 to generate isotherm data. At each sampling point, five
millilitre aliquots were withdrawn, filtered through 0.2 micrometre syringe filters, and analysed for
residual PFOA concentration using HPLC. Adsorption capacity was calculated as Q equilibrium
equals [(C naught minus C equilibrium) times V] divided by m, and removal efficiency was calculated
as percentage removal equals [(C naught minus C equilibrium) divided by C naught] times 100.

2.1.7. Adsorption Capacity and Kinetic Modelling

Equilibrium adsorption capacity for all experiments was calculated using the standard mass balance
equation: Qe = W, where Q. is the equilibrium adsorption capacity in milligrams per gram,
C, is the initial PFOA concentration in milligrams per liter, C. is the equilibrium residual
concentration in milligrams per liter, V is the solution volume in liters, and m is the mass of adsorbent
in grams.

The kinetic time course data obtained from contact time studies were fitted to three complementary
kinetic models : pseudo first order model, pseudo second order model, and Elovich model.
Additionally, the Weber Morris intraparticle diffusion model was employed to assess the contribution
of pore diffusion. Goodness of fit was evaluated using the coefficient of determination (R squared),
chi-square statistic (chi squared), and root mean square error (RMSE). The model with the highest R
squared value (closest to 1.0) was selected as the most probable rate controlling mechanism.

2.1.8. Adsorption Isotherm Modelling

The equilibrium concentration data (Q. vs C. pairs) obtained from the initial concentration study were
fitted to five isotherm models using nonlinear regression to characterize the adsorption surface and
estimate maximum adsorption capacity. These models include: Langmuir model, Freundlich model,
Sips model, Redlich-Peterson model, and Temkin model. Goodness-of-fit for all models was assessed
using multiple criteria: coefficient of determination (R squared, target greater than 0.90), adjusted R
squared (penalizing excess parameters), and residual sum of squares (lower is better). The relative
performance of competing models was used to infer surface heterogeneity and the dominant
adsorption mechanism.

215



Udowa et al..... Int. J. Inno. Scientific & Eng. Tech. Res. 14(2):212-228, 2026

3.1. RESULT AND DISCUSION

3.1.1. Characterization of Adsorbent

Ca-SSB presents a notably denser and more conglomerated surface texture than the other modified
biochars, with large, irregular, somewhat rounded mineral masses characteristic of secondary calcium
phase deposition onto the biochar support (Dahunsi et al., 2021). Figure 1A shows deep interstitial
cavities and surface level fissures remain accessible despite this densification, providing diffusion
pathways for metronidazole and PFOA (Agbale et al., 2024). The primary calcite framework of the
snail shell is preserved within the larger mineral islands, indicating that it successfully supported the
additional calcium loading and thermal activation without structural collapse (Gapsari et al., 2022).
Some particle clusters exceed 200 um in width, making this sample notably coarser than the others;
fine sub-micron debris still surrounds these larger aggregates, contributing to specific surface area
(IISTE, 2020). The calcium species have fused into bulky aggregates in places, though active phase
dispersion across the biochar flakes remains broad overall (Al-Ghouti & Al-Absi, 2020).

The XRD diffractogram of Ca-SSB (Figure 1B) identifies calcite (CaCOs), a potassium aluminium
silicate phase interpreted as Al2Os K20-6SiO: (likely microcline or a related feldspar), and quartz
(Si102) as the main crystalline components. As with AMA-SSB, calcite is the dominant phase, with the
primary reflection at approximately 30° 20 and secondary peaks near 40° and 43°. A CaO (lime) phase
is also present, indicating partial thermal decomposition of calcium carbonate during biochar
preparation a known consequence of high temperature calcination of shell derived precursors. The
detection of Al205-K»0-6SiO: and SiO- alongside calcite confirms successful incorporation of the
modifier into the biochar matrix (Dahunsi ef al., 2021). Peaks are narrow and well resolved, consistent
with high crystallinity, and a broad amorphous hump is again visible across the baseline, reflecting the
persistence of the carbonaceous biochar fraction.

The FTIR spectrum of Ca-SSB (Figure 1C) shows several differences from the unmodified material,
consistent with chemical changes during secondary calcium impregnation. A prominent absorption
band at 3427 cm™! corresponds to O—H stretching of hydroxyl groups, attributed to adsorbed moisture
or surface alcohol functionalities (Al-Ghouti & Al-Absi, 2021). The shift and intensification of this
band relative to raw biochar suggest hydroxyl group involvement in stabilising the secondary calcium
phases. The material retains the characteristic vibrations of calcite (CaCOs), with a broad, intense
asymmetric stretching band at 1386 cm™ (IISTE, 2020). Sharp peaks at 1617 cm™ and 1664 cm™ are
attributed to C=C stretching of aromatic structures or conjugated carbonyl groups formed or exposed
during thermal modification (Dahunsi et al., 2021). A strong band at 2508 cm™ confirms persistence
of the inorganic carbonate framework, while the band near 3341 cm™ points to enrichment of surface
oxygen containing functional groups (Agbale et al., 2024). Together, these spectral changes confirm
that secondary calcium modification altered the surface chemistry of the snail shell biochar, likely
increasing active site density for metronidazole and PFOA removal (Gapsari ef al., 2022).

The EDX data for Ca-SSB (Figure 1D) show a compositionally distinct profile relative to the other
modified biochars, with two dominant spectral features: a chlorine (Cl) peak at approximately 2.62
keV (23.36 wt%, 19.46 at%) and a calcium (Ca) peak at 3.69 keV (54.91 wt%, 40.50 at%). The high
chlorine concentration suggests the secondary calcium was loaded as a chloride salt, likely CaCl,
rather than as a carbonate or oxide precursor, which distinguishes Ca-SSB chemically from the other
samples in this series. Calcium remains the dominant cation, confirming that the calcite framework is
preserved as the structural matrix despite the secondary loading step. Tin is present at 15.65 wt% and
potassium at 3.01 wt%, with trace titanium (Ti), iron (Fe), and zinc (Zn) also detected, indicating a
multi elemental surface composition. The elevated chlorine and calcium concentrations together point
to increased surface polarity relative to the raw SSB, a property relevant to the adsorption of polar
contaminants such as metronidazole and PFOA (Agbale et al., 2024).
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Figure 1: Characterization of Ca-SSB (A) Surface Morphology Micrograph via SEM (B) X-ray diffraction plots (C) Functional groups on doped biochar via FTIR spectra (D) Elemental Analysis via EDX
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3.1.2. Adsorption Performance of Ca-SSB For PFOA Removal

Table 1 shows that Ca-SSB requires 2880 min (48 hours) to reach equilibrium PFOA removal of
66.68% from an initial concentration of 50 mg/L, beginning at only 7.10% removal at time zero. The
removal pattern follows a rapid initial phase (0-360 min, reaching 36.59%) followed by a
progressively slower accumulation phase (360—2880 min), characteristic of the fast-initial, slower-tail
behaviour widely reported in PFAS adsorption systems (Nasrollahpour et al., 2025). This 48-hour
equilibrium time is notably longer than several calcium-containing PFAS adsorbents: Zheng et al.
(2026) reported equilibrium within 1 hour for lime sludge biochar, and Yang et al. (2026) reported 4-5
hours for calcined dolomite, while Wang and Shih (2011) reported 48 hours for alumina — placing
Ca-SSB at the slower end of reported values. The slow kinetics of Ca-SSB may reflect the dense,
conglomerated surface morphology described in SEM analysis (Figure 1A), where large mineral
aggregates (exceeding 200 um in width) and deep interstitial cavities require extended diffusion times
for PFOA molecules to access interior binding sites. Nasrollahpour et al. (2025) noted that
intraparticle diffusion is a primary rate limiting step in functionalized biochar PFAS systems,
consistent with the progressive slow phase accumulation seen in Table 1. From a practical standpoint,
a 48-hour equilibration period limits direct deployment in continuous flow systems, suggesting that
Ca-SSB may be better suited to batch treatment or extended-contact fixed-bed configurations.

As shown in Table 4, Ca-SSB exhibited a consistent linear increase in PFOA removal efficiency from
59.22% at 0.05 g/L to 79.54% at 0.25 g/L (at a fixed initial concentration of 50 mg/L, pH 11, and
2880 min contact time). This dose response pattern reflects the proportional expansion of available
adsorption sites with increasing adsorbent mass. Sinha et al. (2025) demonstrated that calcium
assisted PFOA removal on choline chloride modified hydrochar reached 95.4% at an optimal dosage
of 0.4 g/L, attributing this to calcium bridging, electrostatic interactions, and hydrophobic interactions
all of which increase in magnitude as more adsorbent mass is introduced. Similarly, Zheng et al.
(2026) noted that lime sludge derived biochars achieve near quantitative PFOA removal, partly
because calcium and magnesium species distributed across the biochar surface provide abundant
cation bridging sites. The EDX data for Ca-SSB (Figure 1D) show that calcium constitutes 54.91 wt%
of the surface, confirming a high density of potential bridging sites. This high calcium loading
suggests that the linear dosage response observed in Table 4.33 reflects direct proportionality between
adsorbent mass and the total number of Ca?"-associated binding sites available for PFOA interaction,
consistent with the site-availability interpretation reported in calcium-assisted PFAS systems (Sinha et
al., 2025).

Table 2 reveals a dramatic divergence in Ca-SSB performance across PFOA concentration, with
removal efficiency declining from 90.07% at 5 mg/L to just 4.56% at 100 mg/L (at 0.05 g/L dosage,
pH 11, and 2880 min). This collapse in removal efficiency at elevated concentrations is consistent
with finite adsorption site availability. Gagliano et al. (2020) confirmed across multiple adsorbent
types that divalent cation bridging, including Ca?*, improves PFAS adsorption, but this mechanism is
inherently stoichiometrically constrained: as PFOA concentration increases, the molar ratio of Ca**
bridging sites to PFOA molecules becomes unfavourable. Xu et al. (2020) demonstrated this principle
directly, showing that Fe:O0s@GAC amended with 10 mM Ca?*" achieved greater than twofold
enhancement in PFOA uptake at pH 5-10, but only within a constrained PFOA concentration range
where Ca?" sites remained in excess. The near total removal failure at 100 mg/L in Ca-SSB (Table 2)
suggests that at a fixed 0.05 g dosage, the available Ca?* bridging sites and surface functional groups,
including the O—H and C=C moieties confirmed in the FTIR spectrum (Figure 1C) are overwhelmed.
Practically, these results define Ca-SSB's effective operating window as 5-50 mg/L PFOA, a range
relevant to moderately contaminated industrial effluents, but not for heavily loaded wastewaters
without dosage adjustment.

Table 3 presents the most notable finding of this study: Ca-SSB removal efficiency increases
monotonically with pH, rising from 59.22% at pH 3 to 79.54% at pH 11 (50 mg/L PFOA, 0.05 g/L
dosage, 2880 min). This trend is anomalous relative to most reported PFOA adsorbents. Wang and
Shih (2011) established that increasing pH reduces PFOA adsorption on alumina due to weakened
electrostatic interactions as surfaces become more negatively charged, and Li et al. (2025) confirmed
that untreated calcite (CaCOs) shows declining PFOA removal above pH 5 due to electrostatic
repulsion between the negatively charged carbonate surface and anionic PFOA™. Since PFOA is
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essentially fully anionic at all tested pH values, Goss (2008) estimated its pKa at approximately —0.5,
meaning PFOA exists predominantly as PFOA™ even at pH 3 the conventional explanation (pH-
dependent PFOA protonation) does not apply here. Instead, the anomalous pH-enhancement observed
for Ca-SSB may reflect a calcium-bridging inversion: at low pH, competition between H* ions and
Ca?" for surface hydroxyl and carbonate sites may suppress Ca*"-mediated bridging; at higher pH,
deprotonation of surface O—H groups (confirmed at 3427 cm™ in the FTIR, Figure 1C) may stabilise
Ca?" coordination, strengthening the Si—O—Ca** and Fe—O—Ca*" type bridges that Xu et al. (2020)
demonstrated to enhance PFOA uptake greater than twofold on iron-silanol surfaces. Yang et al.
(2026) reported that calcined dolomite, a calcium/magnesium hydroxide surface structurally
analogous to the CaO phase confirmed in Ca-SSB's XRD (Figure 1B), achieved up to 94% PFOA
removal via charge-mediated complexation and electrostatic anchoring enhanced after calcination,
consistent with the elevated-pH performance of Ca-SSB. At groundwater relevant pH (6 — 8), Ca-SSB
achieves 66 — 75% removal (Table 3), indicating meaningful field applicability.

Collectively, Tables 1 to 5 define Ca-SSB's practical operating window as: PFOA concentrations of 5—
50 mg/L, adsorbent dosages of 0.15-0.25 g/L, pH 611, and contact times exceeding 1440 min.
Concentration is the most restrictive parameter, with near-complete performance failure above 50
mg/L at low dosage, consistent with the stoichiometric constraints of calcium-bridging mechanisms
identified by Gagliano et al. (2020) and Xu et al. (2020). The anomalous pH enhancement, supported
by calcium bridging inversion analogous to mechanisms reported by Xu et al. (2020) and Yang et al.
(2026), distinguishes Ca-SSB from conventional calcium carbonate adsorbents. While the extended
equilibration time represents a practical constraint relative to faster calcium-based systems (Zheng et
al., 2026), the high calcium surface loading (54.91 wt%, EDX, Figure 4.4.7) and multi-functional
surface chemistry (calcite, CaO, silanol, and hydroxyl groups confirmed by XRD and FTIR) position
Ca-SSB as a promising low-cost adsorbent for PFOA-contaminated water at circumneutral to alkaline
pH.

Table 1: Effect of Contact Time on PFOA Adsorption by Ca-SSB Operating Conditions: Adsorbent
Dosage = 0.1 g/L, Initial PFOA Concentration = 50 mg/L, pH =7

Ca-SSB

Time Final Conc. (mg/L) Removal Efficiency (%)
0 46.44 7.10
10 46.11 7.78
30 41.87 16.25
60 38.48 23.03
120 35.09 29.81
360 31.70 36.59
720 28.31 43.37
1440 24.92 50.15
2160 19.58 60.83
2880 16.66 66.68

Table 2: Effect of Contact Initial concentration on PFOA Adsorption by Ca-SSB Operating
Conditions: Adsorbent Dosage = 0.1 g/L, Contact Time = 2880 min (48 h), pH=7

Ca-SSB
Conc. Final Conc. (mg/L) Removal Efficiency (%)
5 4.97 90.07
10 5.64 88.71
20 7.51 84.98
50 13.91 72.19
100 47.72 4.56
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Table 3: Effect of Solution pH on PFOA Adsorption by Ca-SSB Operating Conditions: Adsorbent
Dosage = 0.1 g/L, Contact Time = 2880 min (48 h), Initial PFOA Concentration = 50 mg/L

Ca-SSB
pH Final Conc. (mg/L) Removal Efficiency (%)
3 20.39 59.22
5 16.83 66.34
7 14.50 71.00
9 12.55 74.90
11 10.43 79.54

Table 4: Effect Of Adsorbent Dosage on PFOA Adsorption by Ca-SSB
Operating Conditions: Contact Time = 2880 min (48 h), Initial PFOA Concentration = 50 mg/L, pH =
7

Ca-SSB
Dosage Final Conc. (mg/L) Removal Efficiency (%)
0.05 20.39 59.22
0.1 16.83 66.34
0.15 14.50 71.00
0.2 12.55 74.90
0.25 10.43 79.54
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3.1.3. Analysis of PFOA adsorption kinetics for Ca-SSB
Similar to AMA-SSB, From the data obtained for Ca-SSB (table 5), the PSO model provided the best
overall description, with a relatively high R*(0.91399) and lower error values (RSS = 10.77; MSE =

1.077), and predicted an adsorption capacity of g, = 29.93mg/g, indicating that chemisorption is

likely the dominant mechanism, involving interactions between PFOA molecules and functional
groups on the Ca-modified biochar surface. The PSO rate constant (k, = 2.58 X 10™* g mg™' min™")

suggests a gradual chemisorption process, potentially limited by diffusion within the porous structure.
The Elovich model also showed a good fit (R: = 0.96925, RSS = 3.85; MSE = 0.385), reflecting

adsorption on a heterogeneous surface, with the parameters @ = 0.555and b = 0.184, indicating a

moderate initial adsorption rate and progressive surface saturation. As with AMA-SSB, the PFO
model exhibited weaker correlation (R* = 0.84551) and the Weber Morris model provided limited

fit (R® = 0.81913), suggesting that simple physisorption or intraparticle diffusion alone cannot fully

describe the adsorption kinetics. Overall, these findings indicate that PFOA adsorption onto Ca-SSB
occurs via chemisorption on a heterogeneous surface, with diffusion as a secondary process, similar to
the adsorption mechanism observed for AMA-SSB, and that the PSO and Elovich models most
effectively capture the kinetic behaviour of the system.

3.1.4. Isotherm Analysis of PFOA Adsorption for Ca-SSB

From table 4.40, the equilibrium adsorption of PFOA onto Ca-SSB was most accurately represented
by the Sips model, which achieved an exceptional correlation (R* = 0.99413; Adj-R? = 0.98826) and
the lowest error distribution (MSE = 1.171444). This far outperformed the Langmuir (R*= 0.85082;
MSE = 19.84338) and Freundlich (R? = 0.82029; MSE = 23.904293) models. The superior
performance of the Sips model suggests a complex surface where the mechanism transitions from
initial heterogeneous binding to eventual monolayer saturation. A significant observation is the high
Sips exponent (n = 3.56562), which indicates a high degree of surface heterogeneity. Recent research
suggests that calcium modification on shell-based materials often leads to a discontinuous active site
distribution or mineral precipitates (like CaCO3) rather than a uniform film, creating specific high-
affinity zones (Liang et al., 2024b; Qin ef al., 2019). Furthermore, although the Temkin model showed
a reasonable fit (R? = 0.94695), its higher error compared to Sips indicates that while electrostatic
interactions between Ca?* ions and anionic PFOA heads drive the process, the energy distribution is
highly non-linear (M. Vargas-Rodriguez et al., 2021). Recent 2025 studies on metal-modified biochars
confirm that such mineral-rich surfaces often exhibit site-shielding or double-layer compression,
where background ions and mineral clusters interfere with uniform coverage, matching the kinetic
observation of a lower adsorption capacity (qe = 29.93 mg/g) for Ca-SSB (Kang et al., 2025).
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Table 6: Kinetic Model Parameters and Goodness of Fit Statistics for PFOA Adsorption on Ca-SSB
Comparison of Four Kinetic Models at Fixed Conditions (Co = 50 mg/L, T =25°C, m/V =0.1 g/L,pH="7,t=

0—2880 min)
Parameter PFO model PSO model Weber Moris Elovich model
k 0.0065 + 0.00228 2.5782E-4 + 9.9992E-5 0.69315 + 0.05087 -
R? 0.84551 0.91399 0.81913 0.96925
a - - 0.5551 £ 0.17788
b - - - 0.18367 +£0.01783
qe 26.81302 + 2.16644 29.93261 £ 2.16875 - -
Adj-R? 0.8262 0.90324 0.81913 0.9654
RSS 19.34351 10.76955 20.13019 3.85056
MSE 1.934351 1.076955 2.013019 0.385056

Table 5: Isotherm Model Parameters and Goodness of fit Statistics for PFOA Adsorption on Ca-SSB
Subtitle: Comparison of Five Isotherm Models at Equilibrium Conditions (Co =5 — 100 mg/L, T = 25°C, m/V =
0.1 g/L, pH =7, t = 2880 min)

Paramet Langm Paramet Freundli Paramet Sips Paramet Redlish Paramet Temki
er uir er ch er er Peterso er ns
model model n
KL 0.01992 Kf 2.89089 + b 1.95882 b 3.14199 Kt 0.2293
+ 2.63969 E-4+ E-11+ +
0.02256 2.27973 1.67412 0.03834
E-4 E-7
qm 110.6291 n 1.31397 + qm 52.3446 a 2.02589 qt 23.4770
S 0.44582 S5+ + 6+
76.31713 2.52245 1.00912 3.20815
RSS 99.2169 RSS 119.52149 RSS 5.85722 RSS 110.4680 RSS 35.2806
1 8
R? 0.85082 R? 0.82029 R? 0.99413 R? 0.88927 R? 0.94695
- - n 3.56562 n 6.21407 -
+ +
0.5122 1369.970
97
Adj-R? 0.80109 Adj-R? 0.76038 Adj-R? 0.98826 Adj-R? 0.77853 Adj-R? 0.92927
MSE 19.84338 MSE 23.904293 MSE 1.17144 MSE 22.09360 MSE 7.05613
4 2 6
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4.1. CONCLUSION

Calcium-doped snail shell biochar (Ca-SSB) demonstrates effective PFOA removal thats distinct from
conventional adsorbent standards. At neutral to alkaline pH and moderate PFOA concentrations (550
mg/L), the material achieves removal efficiencies approaching 80% while valorizing abundant
agricultural waste into a functional water treatment medium. The research successfully identifies and
characterizes a previously unexplored sorbent system at the intersection of sustainable materials
engineering and emerging contaminant remediation.

The primary contribution of this work is demonstrating that calcium rich precursors such as snail shell
can be thermally activated and further enhanced through secondary cation impregnation to produce
PFAS reactive surfaces competitive with engineered biochar systems. Contrary to reported behavior
of untreated calcite and conventional calcium-containing adsorbents, Ca-SSB exhibits enhanced
PFOA uptake at elevated pH (reaching 79.54% at pH 11), a trend attributable to pH-dependent
stabilization of calcium-bridging complexes rather than PFOA protonation. This anomalous pH
response, supported by FTIR evidence of surface hydroxyl enrichment and EDX confirmation of
54.91 wt% calcium loading, closes a methodological gap between literature on divalent-cation-
mediated PFAS adsorption and mechanistic understanding of shell-derived biochar systems. The work
extends the applicability of calcium-bridging chemistry established for synthetic hydroxide systems to
agricultural waste matrices, offering a practical pathway for resource-limited regions to deploy
functional PFAS adsorbents at low capital cost.
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