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Abstract

This study advances sustainable wastewater management by investigating the efficacy of
untreated pine cone powder (PCP), an abundant and renewable forest byproduct, for FeII

removal from aqueous solutions. The surface morphology and composition of PCP was
characterized by performing SEM-EDX, FTIR, point of zero charge, and total specific surface
area analysis. Investigation of experimental factors revealed that equilibrium adsorption
capacity increases with higher pH and temperature but decreases with elevated initial FeII

concentration and ionic strength. The experimental kinetic and equilibrium data were
best fitted to the pseudo first-order and Freundlich models, respectively. Thermodynamic
analysis further indicated that the adsorption process was spontaneous and endothermic
in nature, accompanied by an increase of randomness at the solid–liquid interface. Low
activation and Temkin bonding energies suggest that physical adsorption is the dominant
removal mechanism. With a maximum Langmuir adsorption capacity of 12.7 mg g−1, PCP
represents a promising eco-friendly adsorbent for the removal of FeII. By transitioning from
conventional, high-footprint water treatments to such low-impact, eco-friendly alternatives,
this research supports the circular valorization of biomass as a viable solution for the
sustainable mitigation of industrial heavy metal pollution.

Keywords: heavy metal pollution; adsorption; sustainable water treatment; renewable
biosorbent

1. Introduction
While industrialization has been traditionally seen as a sign of advancement, it has

also led to a rise in environmental pollution. The continuously increasing number of in-
dustrial activities release numerous harmful pollutants, including heavy metals, polluting
ecosystems and causing them to degrade [1]. Unlike most organic pollutants, which even-
tually break down in the environment, metal contaminants are more persistent because
they do not biodegrade; this allows them to build up in living organisms, becoming more
concentrated as they move up the food chain [2–4]. Essential heavy metals like zinc, copper,
iron, manganese, and cobalt are required as micronutrients for organism growth in low
quantities; however, they may exert toxic effects at higher concentrations. In addition,
most other heavy metals have no biological function, and their environmental presence
is detrimental to a wide range of living organisms, including humans [5,6]. Numerous
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industrial sectors contribute to the environmental release of heavy metals by failing to prop-
erly treat gaseous/aqueous emissions, neglecting necessary precautions, or experiencing
accidental spills. These include iron and steel production, metal finishing and power station
industries, electroplating, mining processing, wood preservation, pigment manufacturing,
etc.; in addition, fossil fuel combustion and the use of pesticides and chemical fertilizers in
agriculture substantially increase environmental heavy metal accumulation [2,6–8].

Iron is a critical heavy metal utilized across a wide range of industrial applications,
being the primary constituent of ferrous alloys and steels used for fabrication of a variety of
metal products (industrial machinery, transportation equipment, construction equipment,
electronics, instruments, automotive parts, sports goods, etc.). Within natural aqueous
environments, iron predominantly exists as FeII and FeIII, two oxidation states that exhibit
stability across a broad spectrum of environmental conditions; however, while FeII predom-
inates in anoxic waters, FeIII is the most stable oxidation state in well oxygenated waters [9].
Under circumneutral conditions, the dominant species of FeIII is the solid Fe(OH)3, which
frequently confines FeIII to the particulate phase. Conversely, FeII remains predominantly
in the form of a simple hydrated ion up to pH 8, rendering it the iron species with highest
solubility and mobility [10,11].

In aerobic river waters, the dissolved iron concentration is typically below 1 mg L−1,
though values can reach up to 6 mg L−1 [12–14]. Significantly higher levels occur in
anaerobic groundwaters, where concentrations usually range from 0.5 to 10 mg L−1 and
can escalate up to or beyond 50 mg L−1 under strongly reducing conditions [14,15]. An
even more extreme scenario is observed in mine drainage waters; characterized by high
acidity and low dissolved oxygen, these systems can harbor massive iron loads, with
reported concentrations as high as 1940 mg L−1 [16].

Owing to its redox activity, iron readily undergoes electron transfer processes, which
are fundamental to various metabolic processes in most living cells; therefore, as an essen-
tial micronutrient, iron is indispensable to the metabolic frameworks of nearly all living
organisms, driving vital physiological processes that include molecular oxygen transport,
storage, and activation, as well as the reduction of dinitrogen and ribonucleotides, oxidative
pathways, and cellular proliferation [17–20].

However, the very same ability of iron to gain or lose electrons, which is crucial for life,
can also turn toxic when iron builds up excessively inside cells. The toxicological effects
and environmental hazards associated with iron contamination are primarily driven by
its divalent form for two key reasons. First, FeII represents the most bioavailable species
in aquatic ecosystems. Second, it acts as the biologically active form of the element, as
intracellular iron metabolism utilizes FeII rather than FeIII. The toxicological effects of
FeII are driven by its capacity to induce the formation of highly reactive free radicals
within biological tissues via three main mechanisms [19]: (1) Fe-catalyzed reduction of
oxygen, yielding toxic hydroxyl radicals; (2) Fenton reaction, which similarly generates
hydroxyl radicals; and (3) decomposition of lipid peroxides, producing alkoxyl and peroxyl
radicals. Subsequently, all these generated free radicals may attack cellular membranes,
proteins, and DNA [18,21]. Disorders of iron metabolism may include microbial infections
or tissue damage; furthermore, evidence suggests that elevated levels of free iron might
contribute to carcinogenesis, as well as to neurodegenerative pathologies like Alzheimer’s
and Parkinson’s diseases [9,22].

Consequently, FeII removal is an essential remediation step that must be implemented
across all iron-bearing aqueous effluents to mitigate potential public health risks. Several
techniques can be used for heavy metal ion removal from contaminated waters, including
chemical precipitation, chemical coagulation and flocculation, electrochemical methods,
membrane filtration, ion exchange, bioremediation, and adsorption [2,6,23]. Among these,
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chemical precipitation is the conventional process most extensively used due to its straight-
forward controllability; however, this technology has some important drawbacks, such as
the requirement of high quantities of chemicals, slow metal precipitation, the generation of
toxic sludge needing additional processing, associated increased operational costs, and the
potential for long-term environmental consequences [2,24].

On the other hand, adsorption has emerged over the last decades as a promising
alternative for the treatment of heavy-metal-contaminated water; this approach owes its
success to a simple design, flexible operation under various conditions, high selectivity,
and excellent efficiency [2,25]. Adsorption is the process in which a dissolved substance
transfers from a liquid to a solid surface, binding via physical (physisorption) or chemical
(chemisorption) interactions [7,24]. Adsorption-based water treatment processes rely on
two different adsorbent classes, conventional and novel, each with their own advantages
and limitations [26]. Activated carbon stands out as the preferred conventional adsorbent,
thanks to its exceptional combination of large surface area, extensive porosity, ease of sur-
face functionalization, high chemical reactivity, and excellent adsorption capacity; however,
relatively high costs associated with acquiring and regenerating activated carbons often
prohibited their use in low-income developing countries [27,28]. Recently, biosorption tech-
niques have garnered considerable attention for their ability to retain heavy metals from
contaminated waters; these include the use of a wide range of low-cost vegetal materials
as a replacement for costly activated carbons, owing to their abundance, physiochemical
properties, availability in large quantities, and low cost [8]. Utilizing biomass in its raw state
eliminates the energy-intensive chemical and thermal treatments associated with synthetic
adsorbents; it also promotes a sustainable circular economy, offering an environmentally re-
sponsible alternative to conventional water purification methodologies [4,6,8,24–26,29–31].

Over the last two decades, pine cone biomass has attracted great interest for its
adsorptive removal of various heavy metals and metalloids (PbII, CuII, CoII, NiII, CdII,
CrVI, SbV, AsIII) from aqueous effluents, owing to its [32–51]: (1) worldwide availability in
large amounts as forestry waste, (2) excellent physicochemical properties, and (3) content
of various functional groups (hydroxyl, carbonyl, carboxyl, lactone, sulfhydryl, sulfonate,
thioether, amine, alcohols, phenols, and esters) capable of binding contaminants through
different mechanisms. While efforts have predominantly focused on the potential of
pine cones as a precursor for activated carbons and biochars [32–46], only a few works
attempted to minimize operational expenses and the complexity of the adsorptive removal
process by simply using unmodified (i.e., no physical/chemical activation) milled pine
cone powder [47–51]. Similarly, with respect to the removal of FeII, while the use of
bioadsorbents has been a topic of some research interest [52–60], only a few studies have
been devoted to the cost-effective and straightforward approach of using unmodified
vegetal precursors [55,58]. In addition, to our knowledge, no prior studies have investigated
pristine or engineered pine cone biomass for the elimination of this metallic ion. Therefore,
this study aimed to investigate the effectiveness of FeII removal from aqueous media
by adsorption onto raw pine cone powder (PCP). First, the adsorbent’s physicochemical
properties were investigated to understand how they relate to its ability to adsorb ferrous
ions. We subsequently evaluated how pH, initial iron ion concentration, ionic strength, and
temperature influenced the overall adsorption performance. Finally, adsorption kinetics,
equilibrium, and thermodynamics were systematically investigated to model and predict
the overall sorption behavior of FeII onto PCP.
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2. Materials and Methods
2.1. Materials

Analytical reagent-grade FeSO4·7H2O, H2SO4 98%, 1,10-phenanthroline, and NaCl
were used as supplied. The pine cones were collected from pine trees (Pinus sylvestris)
located in proximity to our faculty. After being harvested, the cones were thoroughly rinsed
with distilled water, ambiently air-dried for one week, and then pulverized with an electric
grinder. The obtained pine cone powder (PCP) was washed repeatedly with distilled water
until there was no longer a brown tint to the rinse water and subsequently dried in an oven
at 60 ◦C for 24 h. After cooling, the biomass cake was ground using a mortar and pestle
and fractioned to particles sized < 0.5 mm. The resulting PCP was further used without
any other treatment in the experiments described below.

2.2. Experimental Procedure

A 1000 mg L−1 FeII stock solution was prepared by dissolving the calculated amount of
FeSO4·7H2O in distilled water. This solution was sequentially diluted with distilled water
to yield target FeII concentrations for the adsorption experiments. The pH of the solution
was adjusted with 1 M of H2SO4 solution. Batch kinetic experiments were performed by
mixing 5 g of PCP with 500 mL of working FeII solution in a Berzelius beaker. Agitation was
maintained at 200 rpm via a jar test apparatus (Ovan, Badalona, Spain); solution aliquots
were collected at predetermined intervals, filtered through a 0.45 µm syringe filter, and
subsequently analyzed for FeII. The influence of solution pH, FeII concentration, ionic
strength, and temperature on the adsorption process was systematically evaluated, as
summarized in Table S1. For the equilibrium studies, different amounts of the adsorbent
were suspended in Erlenmeyer flasks containing 50 mL of 10 mg/L FeII solution at pH 3.2.
Flasks were sealed and stirred at 100 strokes per minute using a Julabo SW22 (Seelbach,
Germany) apparatus for 24 h to allow the adsorption to reach the equilibrium (Table S2);
subsequently, the solutions were filtered, and the resulting filtrates were analyzed to
determine the residual FeII concentration.

2.3. Analytical Procedure

The residual FeII in the filtrate was determined spectrophotometrically at 510 nm
following the 1,10-phenantroline method [61], using a Specord 200 PLUS (Analytik Jena,
Jena, Germany) spectrophotometer. Solution pH values were determined using a pH meter
(WTW Inolab 7320, Frankfurt, Germany), calibrated across the operational range using
standard buffers (pH 4.0, 7.0, and 10.0). The pH drift method was applied to determine
the PCP’s point of zero charge (pHpzc) [62]. The PCP’s total specific surface area (SSA) was
determined via the EGME method [63]. The surface morphology and chemical composition
of fresh and exhausted adsorbent were investigated via scanning electron microscopy
(SEM—Inspect S, FEI, Eindhoven, The Netherlands) equipped with energy dispersive X-ray
spectroscopy (EDX—GENESIS XM 2i, Eindhoven, The Netherlands), complemented by
Fourier transform infrared spectrometry (FTIR—VERTEX 70, Bruker, Germany).

2.4. Experimental Data Processing

Five kinetic models (pseudo-first-order, pseudo-second-order, pseudo-nth-order,
Elovich, Weber–Morris intraparticle diffusion [64–75]) and five isotherm models (Langmuir,
Freundlich, Langmuir–Freundlich, Temkin, Redlich–Peterson [67,68,72,76–85]) were em-
ployed to evaluate the kinetics and equilibrium aspects of the adsorption; they were chosen
based on their widespread validation and prevalence in contemporary adsorption literature,
which ensures comparability with existing datasets. Models were analyzed using nonlinear
equations, in line with numerous recent reports revealing that linear regression fitting fails
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to provide accurate model parameters [68,73,78,84,86–88]. Detailed descriptions of these
models are given in Tables S3 and S4. The Solver tool in Microsoft Excel (Microsoft 365)
was used for fitting experimental data to model equations [89]. To assess the validity of our
models, in addition to R2, several other statistical parameters were used, including χ2, SSE,
RMSE, and HYBRID, as recommended by previous researchers [65,78,88–90].

Results of the kinetic modelling at three temperatures were applied to calculate the
adsorption activation energy (Ea) using the Arrhenius equation [72] (Table S5).

To predict the sorption behavior of FeII onto PCP (spontaneity, favorability for the
given experimental conditions, thermal feasibility, nature of the adsorption reaction),
standard Gibbs free energy (∆G◦), standard enthalpy (∆H◦), and standard entropy (∆S◦)
changes were derived from the equilibrium datasets acquired at three temperatures, ac-
cording to equations listed in Table S6 [77,78,88,91–98].

All experimental data are presented as the mean of two independent replicates, with a
relative error of less than 5%. Statistical evaluations were carried out using Microsoft Excel
software (Microsoft 365).

3. Results and Discussion
3.1. Adsorbent Characterization

FTIR spectra of fresh and metal-loaded biomass were recorded in the wavenumber
range of 400–4000 cm−1 at a spectral resolution of 4 cm−1. The Essential FTIR software
(3.50 free trial version) was used for analyzing the obtained FTIR spectra. Figures S1 and S2
show several absorption peaks typical for a lignocellulosic structure, highlighting the com-
plexity of the PCP biomass. The strong wide absorption band with maximum intensity cen-
tered around 3448 cm−1 corresponds to the O-H stretching vibrations of hydroxyl groups
originating from alcoholic and phenolic structures [38,41,51,53]. The high intensity peak
at 2922 cm−1 can be assigned to the C-H bonds stretch in the methylene group [47,51,99].
The strong band with two peaks at around 1736 cm−1 and 1645 cm−1 was assigned to the
C = O stretching vibration of ketone and carbonyl groups [42,100]. The band observed
at 1514 cm−1 corresponded to the aromatic skeletal vibration of the C = C bond [45,101].
The peaks located around 1458 cm−1 and 1377 cm−1 are indicative for the C-H bending
in CH3 and CH2 [51,102,103]. The absorption band at approximately 1269 cm−1 can be
attributed to the presence of carboxylic and phenolic groups, associated with characteristic
C–O stretching vibrations [47], and/or C–N stretching with amine [104]. The strong band
located at about 1032 cm−1 corresponds to C–O groups stretching vibration in primary
alcohol groups [39,48]; furthermore, shoulders around 1057, 1111, and 1163 cm−1 corre-
spond to C-O stretch in primary, secondary, and tertiary alcohol, respectively [74,105]. The
minor peak observed at approximately 897 cm−1 belongs to the glycosidic C1−H deforma-
tion [100,106]. Absorption bands below 800 cm−1 correspond to complex vibrational modes
that typically originate from aromatic compounds. A comparison of Figures S1 and S2
reveals that both fresh and Fe-loaded biomass samples showed similar peaks; furthermore,
no peaks disappeared, and no supplementary peaks emerged after the adsorption process.
However, slight changes in the peaks’ positions were noticed in the surface structure of
PCP upon metal adsorption, as revealed in Table S7 [42,45,47,48,51,99–101,104,107]. These
alterations in the FTIR spectrum confirm the direct involvement of the PCP functional
groups in binding Fe2+ during adsorption. The fact that all major characteristic peaks of the
biomass remained intact after metal loading, with no new peaks appearing or any existing
ones disappearing, indicates that the core structural framework of the PCP biomass remains
stable during the process.

The surface and textural morphology of the fresh and Fe-loaded PCP are depicted
in Figures S3 and S4, respectively. Visual examination of the SEM images revealed
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the particles to be needle-shaped, with a rough surface and pores of consistent size
(~2–5 micrometers) distributed uniformly; a non-uniform surface morphology is advan-
tageous for the adsorption process, as it provides a greater number of accessible sites for
adsorbate molecules to bind [107]. However, SEM micrographs showed no significant
changes in the adsorbent’s surface after the adsorption process; additionally, no visible
contaminant buildup was observed on the exhausted adsorbent, likely because of the
minimal amount of retained metal on its surface.

The EDX spectra of fresh and Fe-loaded adsorbent (PCP-Fe) are shown in Figures S5 and S6,
respectively. Examination of this data reveals that additional signals corresponding to Fe ap-
peared in the EDX spectra of PCP-Fe in comparison to the pristine PCP, indicating the retention
of Fe at the surface of the adsorbent.

The determination of PCP’s point of zero charge yielded a value of 6.0, which falls
within the range reported in previous studies for pine cone biomass (5.62–7.49) [42,45,47,49]
and is also close to the values (5.5–6.6) determined for other untreated agricultural waste
biosorbents, such as walnut shell, sour cherry leaves, sour cherry stones, and avocado
kernel seeds [55,108,109]. The PCP’s SSA was found to be 163.9 m2 g−1; a comparison of
the SSA values reported in the literature for different raw agricultural waste bioadsorbents
is provided in Table S8 [109–114].

3.2. Influence of Parameter Variability on FeII Removal Performance
3.2.1. Influence of pH

The aqueous medium pH represents a well-documented fundamental variable gov-
erning the biosorption of metal ions; by determining both the protonation state of the
adsorbent functional groups and the speciation of the metal ions, pH fundamentally dic-
tates the interfacial interaction mechanisms between the adsorbent and the metal ions,
thereby controlling the overall adsorption capacity [47,52]. To investigate the influence
of pH on FeII removal, the metal ion solution pH varied across a range from 2.1 to 4.1.
This low pH range was chosen to prevent precipitation of FeII as well as its oxidation to
FeIII; it is representative of acid mine drainages, where iron is often the main heavy metal
present [115,116]. The dependence of FeII adsorption onto PCP as a function of solution
pH is illustrated in Figures 1 and 2.

Figure 1. Influence of initial solution pH on FeII adsorption by PCP. Experimental condi-
tions: C0 = 50 mg L−1; temperature = 22 ◦C; mixing intensity: 200 rpm; PCP dose = 10 g L−1;
ionic strength = 0 M NaCl; contact time = 360 min.
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Figure 2. Influence of initial solution pH on FeII adsorption capacity of PCP. Experimental con-
ditions: C0 = 50 mg L−1; temperature = 22 ◦C; mixing intensity: 200 rpm; PCP dose = 10 g L−1;
ionic strength = 0 M NaCl; contact time = 360 min.

As can be seen, no FeII removal was observed at pH 2.1, while only limited adsorption
was noticed at pH 2.5. However, as the pH increased towards 4.1, both the efficiency of
FeII retention and the adsorption capacity of PCP were significantly improved. This is
consistent with previous studies on FeII adsorption using different waste biomass-based
adsorbents (walnut shell, orange peels, jamun seeds, aloe vera leaves, crownflower roots),
which also documented a similar increase in removal efficiency with an increase in aqueous
phase pH [52–57].

The findings reported here most likely result from the electrostatic coulombic inter-
actions between the cationic ferrous species and the localized surface charges on the PCP
matrix. At pH values lower than pHpzc (i.e., <6.0), the PCP surface acquires a net positive
charge; conversely, when the solution pH exceeds the pHpzc, deprotonation occurs, causing
the PCP surface to acquire a net negative charge. Thus, it is evident that, over the entire
studied pH range, the PCP surface will carry a net positive charge. Hence, throughout the
investigated pH range, repulsion forces will generally make adsorption onto PCP unfavor-
able. Accordingly, the complete prevention of adsorption at pH 2.1 can be explained by the
high abundance of H3O+ ions, which protonate the PCP surface functionalities, establishing
a strong positive charge density that prevents metal binding. Nevertheless, increasing
the solution pH to 4.1 causes the PCP surface to develop more negative charges and loses
positive charges, which explains why adsorption is initiated at pH greater than 2.1, and
its effectiveness increases as the pH rises. In addition, higher pH values also contribute to
increased FeII cation removal by decreasing the H3O+ ion concentration, thereby enhancing
metal accessibility to the negatively charged binding functional sites on the PCP matrix.
However, it must be noted that, at pH 4.1, FeII precipitation and/or oxidation to FeIII

already had a small but distinct contribution to removal of the metal, as can be seen from
the control experiments (no PCP added) depicted in Figure S7. Therefore, to guarantee that
FeII elimination was governed exclusively by surface adsorption rather than precipitation,
all further experiments were conducted at a controlled pH of 3.2.

The pH-dependent behavior observed in the batch adsorption experiments corre-
lates strongly with FTIR spectral shifts in the carbonyl, carboxyl, and phenolic regions
(Table S7). At higher pH values, the deprotonation of these groups reduces electrostatic
repulsion and provides negatively charged sites, facilitating enhanced surface complexation
and ion exchange with the positively charged Fe2+.
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3.2.2. Influence of FeII Initial Concentration

Another important parameter influencing sorption efficiency is the initial metal con-
centration; in this work, it was investigated across a range spanning from 10 to 90 mg L−1.
The temporal evolution of FeII concentration as a function of its initial load, presented
in Figure 3, reveals that the higher the concentration of FeII, the less efficiently PCP can
take it up. At low initial adsorbate loadings, a high ratio exists between the number of
PCP adsorption sites and the concentration of FeII ions in the solution; therefore, this
abundance of binding sites facilitated the efficient removal of FeII ions through adsorption.
However, as illustrated in Figure 3, the kinetic profile of FeII uptake onto PCP exhibits a
distinct biphasic behavior rather than a uniform progression. During the primary phase,
a steep decrease in solution concentration is observed; this behavior arises because the
initial density of unoccupied surface functionalities is vastly superior to the concentration
of the FeII ions, minimizing competitive effects. The time span of this stage decreased
with increasing FeII concentration; the first step lasted about 60 min for the 10–50 mg L−1

concentration, and only approximately 30 min for the 70 and 90 mg L−1 concentrations
(Figure 3). The second stage exhibited a significant decline in adsorption rates, ascribed
to an increasing degree of adsorption site saturation and diminished accessibility of the
remaining adsorption-active sites.

Figure 3. Influence of initial FeII concentration on FeII adsorption by PCP. Experimental conditions:
pH = 3.2; temperature = 22 ◦C; mixing intensity: 200 rpm; PCP dose = 10 g L−1; ionic strength = 0 M
NaCl; contact time = 360 min.

In contrast, as the initial FeII concentration was elevated, the mass-dependent adsorp-
tion capacity of PCP increased correspondingly until a saturation steady-state was attained
(Figure 4). The PCP surface reached saturation only for FeII concentrations starting with
50 mg/L, when the experimental maximal adsorption capacity tended towards a constant
value of about 2.1 mg g−1. The increased adsorption capacity observed at higher initial
FeII concentrations is driven by an enhanced concentration gradient between the aqueous
phase and the solid–liquid interface, which [53,117]: (1) increased the probability of metal
ion collision with the biosorbent surface, (2) counteracted any mass transfer limitations
that might hinder the FeII ions from reaching the surface of the PCP, and (3) enhanced the
rate of metal ions mass transfer into the biosorbent pore. These results align consistently
with findings presented by previous researchers for FeII sequestration utilizing alternative
waste biomass-derived adsorbents (walnut shell, orange peels, jamun seeds, pine bark, coir
fibre, crownflower roots) [53,55–59].
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Figure 4. Influence of initial FeII concentration on FeII adsorption capacity of PCP. Experimen-
tal conditions: pH = 3.2; temperature = 22 ◦C; mixing intensity: 200 rpm; PCP dose = 10 g L−1;
ionic strength = 0 M NaCl; contact time = 360 min.

3.2.3. Influence of Temperature

Temperature represents another key operational parameter in adsorption processes,
as it simultaneously governs the mass transport and solubility of the adsorbate, while
shifting the thermodynamic equilibrium capacity [118]; thus, temperature can affect the
adsorption process from both a kinetic and thermodynamic perspective. The influence
of temperature on the system was systematically evaluated across a thermal range of
10–32 ◦C; the resulting data sets are presented in Figures 5 and 6.

Figure 5. Influence of temperature on FeII adsorption by PCP. Experimental conditions: pH = 3.2;
C0 = 50 mg L−1; mixing intensity: 200 rpm; PCP dose = 10 g L−1; ionic strength = 0 M NaCl;
contact time = 360 min.

Both the removal efficiency and equilibrium adsorption capacity of the PCP matrix
exhibited a strong positive correlation with temperature across the entire investigated range.
Notably, the most important improvement was exhibited when the operating temperature
was raised from 10 to 22 ◦C. Further increasing the temperature to 32 ◦C offered some
benefit for the FeII uptake, but the improvement was less significant compared to previous
increases. This suggests that higher temperatures would not be cost-effective for the
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adsorptive sequestration process. The positive correlation between elevated temperature
and FeII binding may be attributed to [38,51]: (1) an increase in the number of adsorption
sites; (2) higher thermal energy of the adsorbing species, which increases their speed and
frequency of collisions with PCP; and (3) desolvation of incoming adsorbing species, along
with a compression of the boundary layer surrounding the PCP matrix; this decreases
mass transfer resistance in the boundary layer, leading to increased rates of intraparticle
adsorbate diffusion in PCP pores. The observed relationship between temperature and
adsorption capacity indicates the process is endothermic. A comparable positive thermal
effect on removal efficiency has been documented in earlier literature examining FeII

adsorption on agro-waste adsorbents (walnut shell, orange peels, jamun seeds) [53,55,56].
However, when utilizing acid-modified aloe vera leaves for FeII adsorption, it was reported
that as temperature increased, the elimination percentage decreased [52].

Figure 6. Influence of temperature on FeII adsorption capacity of PCP. Experimental conditions:
pH = 3.2; C0 = 50 mg L−1; mixing intensity: 200 rpm; PCP dose = 10 g L−1; ionic strength = 0 M NaCl;
contact time = 360 min.

3.2.4. Influence of Ionic Strength

Ionic strength is another important parameter to be studied because both natural
water bodies and wastewater effluents usually contain various concentrations of dissolved
salts, which could affect adsorption performance [119]. In addition, by analyzing how
metal adsorption changes with increasing ionic strength, we can distinguish between the
two main mechanisms by which ions bind to minerals: physical adsorption (weak, non-
specific) and chemical adsorption (strong, specific). In the present work, the influence of
ionic strength on FeII adsorption was systematically evaluated by varying the concentration
of a background electrolyte between 0 and 0.05 M. NaCl was selected as an indifferent
electrolyte because its chemically inert behavior isolates ionic strength effects without pH
interference or competitive reactions, while its ubiquity realistically models natural and
industrial aquatic matrices. As illustrated in Figures 7 and 8, it resulted that higher ionic
strength values gradually slow down the adsorption of FeII. The observed influence of
ionic strength is likely driven by electrostatic competition between sodium and iron cations
for the available binding functional groups on the biosorbent surface [120]. This finding
indicates that adsorption occurs predominantly by the formation of outer sphere complexes
involving weak, non-specific interactions, characteristic of physisorption [121–123].
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Figure 7. Influence of ionic strength on FeII adsorption by PCP. Experimental conditions:
pH = 3.2; C0 = 50 mg L−1; mixing intensity: 200 rpm; PCP dose = 10 g L−1; temperature = 22 ◦C;
contact time = 360 min.

Figure 8. Influence of ionic strength on FeII adsorption capacity of PCP. Experimental conditions:
pH = 3.2; C0 = 50 mg L−1; mixing intensity: 200 rpm; PCP dose = 10 g L−1; temperature = 22 ◦C;
contact time = 360 min.

3.3. Kinetic Studies
3.3.1. Kinetic Modelling

The fitted curves of the studied kinetic models and the parameter values with their
statistical fits are given in Figures S8–S13 and Table 1, respectively. According to the
parameters listed in Table 1, the high coefficients (R2) indicate that both the pseudo-first-
order and pseudo-second-order kinetic models correlate strongly with the experimental
data, exhibiting only marginal variations in their regression values. Hence, this is a clear
example of why calculating R2 alone is not enough in evaluating how well models repre-
sent the experimental data; as confirmed by previous studies, other error functions must
be determined and used as criteria for assessing the fitting quality of the investigated
models [78,84,88,90]. Accordingly, a further comparison of the error functions summarized
in Table 1 (lower values mean a better fit of the model) established the pseudo-first-order
framework as the more accurate representation of the empirical kinetic profile. The validity
of this mechanism is verified by the striking proximity between the empirically determined
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uptake capacity (qe
exp = 2.02) and the theoretical value predicted by the pseudo-first-order

model (qe
calc = 1.96). This is consistent with previous reports on FeII adsorption using pine

bark, jamun seeds, and aloe vera leaves as waste biomass-based adsorbents [52,56,58]; the
kinetic parameters derived from the pseudo-first-order model across various investiga-
tions are compiled for comparative analysis in Table S9 [52,56,58]. Instead, other studies
employing orange peels, walnut shells, and pomegranate peels as adsorbent biomaterials
demonstrated that the sequestration process conformed closely to pseudo-second-order
kinetics [53,55,60].

Table 1. Results of FeII adsorption kinetic modeling.

Kinetic Model Parameters and
Error Functions Value

Pseudo-first-order k1 (min−1) 2.83·10−2

qe (mg g−1) 1.96
R2 0.9950
χ2 0.0090

SSE 0.0169
RMSE 0.0492

HYBRID 0.1802
Pseudo-second-order k2 (g mg−1 min−1) 1.86·10−2

qe (mg g−1) 2.17
R2 0.9933
χ2 0.0155

SSE 0.0225
RMSE 0.0567

HYBRID 0.3111
Pseudo-nth-order kn (g(n−1) mg(−1) min−1) 7.86·10−3

qe (mg g−1) 2.47
n 3.0

R2 0.9897
χ2 0.0241

SSE 0.0349
RMSE 0.0706

HYBRID 0.6074
Elovich α (mg g−1 min−1) 0.47

β (g mg−1) 2.96
R2 0.9801
χ2 0.0459

SSE 0.0677
RMSE 0.0984

HYBRID 0.9438
Weber–Morris kd (mg g−1 min−0.5) 9.77·10−2

C (mg g−1) 0.46
R2 0.8166
χ2 0.7424

SSE 0.6247
RMSE 0.2987

HYBRID 4.59

From a physicochemical perspective, first-order models are typically applicable when
adsorption is limited by film diffusion or when transport has negligible impact on the
overall adsorption rate [124]. At the same time, a pseudo-first order kinetics implies that
adsorption is fast and adsorbent equilibrium is more rapidly attained, knowing that the
saturation time exponentially increases with the rate order [66].
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To elucidate the primary rate-controlling steps governing the FeII uptake, the Weber–
Morris intraparticle diffusion model was applied to the kinetic experimental data. Gen-
erally, the process of contaminant removal via adsorption can be separated into four
stages [67,89,125]: (1) transport of the contaminant through the bulk aqueous phase,
(2) film diffusion of the contaminant across the stagnant liquid film surrounding the
particle to reach its external periphery, (3) contaminant intraparticle diffusion from the
external surface into the internal porous matrix of the adsorbent, and (4) contaminant
immobilization onto the active functional groups. However, since a well mixed batch
system was employed in this study, stage 1 cannot become a rate-limiting step [126]. Fur-
thermore, stage 4 is typically also a fast process and does not usually limit the overall rate of
adsorption [127]. Thus, only the film diffusion (stage 2) and intraparticle diffusion (stage 3)
resistances may act as the potential rate-limiting steps during the solute immobilization
process. According to the Weber–Morris framework, intraparticle diffusion governs the
overall adsorption velocity, provided that the regression of qt against t0.5 yields a linear
relationship that intersects the origin [67]. However, the profile displayed in Figure S13
exhibits a distinct segmented linearity, indicating that the adsorption process proceeds
via two separate, successive mass transfer stages. As illustrated by the high slope of the
first segment, the early kinetic phase is governed predominantly by mass transfer bound-
ary layer diffusion effects (i.e., film diffusion). The subsequent segment, characterized
by a markedly reduced slope, corresponds to a kinetic regime predominantly governed
by the gradual adsorption inside the pores (i.e., intraparticle diffusion). Hence, it can
be concluded that intraparticle diffusion does not act as the exclusive kinetic bottleneck
during the sequestration of FeII onto PCP [67,128]. In addition, the Weber–Morris kd and C
parameters can provide further information regarding transport resistances. Specifically,
the intraparticle diffusion rate coefficient kd serves as an indicator of internal mass transfer
resistance, where lower values signify heightened diffusional limitations within the pore
architecture. Concurrently, the intercept C correlates directly with the boundary layer
thickness; an elevated C value denotes a thicker stagnant fluid film, thereby imposing
a greater hindrance on solute transport [129,130]. Similar Weber–Morris profiles charac-
terized by deviation from the origin and the presence of segmented linearity have been
documented in prior literature analyzing FeII sequestration on biosorbents based on pine
bark, walnut shell, jamun fruit seeds, and aloe vera leaves [52,55,56,58]; a comparison of
the Weber–Morris parameters reported in these studies is provided in Table S10 [55,56,58].

3.3.2. Energy of Activation

To evaluate the activation energy governing the adsorption process, the linearized
Arrhenius relationship [72] was applied (Table S5). Utilizing kinetic coefficients determined
at 283, 295, and 305 ◦K, the activation energy of the adsorption process was calculated to be
17.8 KJ mol−1 from the linear slope representing lnk1 versus 1/T (Figure S14). The numeric
value of the activation energy provides a clear diagnostic criterion to distinguish between
the domination of weaker physisorption or stronger chemisorption processes. An activation
energy below 40 KJ mol−1 confirms physisorption as the dominant process [118,131]. This
is in line with previous results (Ea = 12.9 KJ mol−1) reported for adsorption of FeII by pine
bark biomass [58].

3.4. Equilibrium Isotherm Studies

The five studied equilibrium isotherms are depicted in Figures S15–S19, while their
parameters and error functions are outlined in Table 2. The experimental results were
best described by the Freundlich and Redlich–Peterson isotherms, which have identical
R2 coefficients. This can be ascribed to the fact that, at elevated adsorbate concentrations,
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the Redlich–Peterson model converges toward the Freundlich isotherm [132]. However,
the lower error function values calculated for the Freundlich model confirm its superior
fit to the experimental data. The assumptions underlying the empirical Freundlich model
include [78,84,133]: (1) adsorption takes place across heterogeneous surfaces, featuring
multiple distinct sites; (2) ion retention is reversible and can occur in multiple layers; and
(3) the value of the adsorption energy is not constant for all adsorption sites. Similar
best fitting of the Freundlich isotherm was previously reported for FeII adsorption on
pine bark, orange peels, jamun seeds, and crownflower roots as waste biomass-based
adsorbents [53,56–58].

Table 2. Results of FeII adsorption equilibrium modeling.

Thermodynamic Model Parameters and
Error Functions Value

Langmuir qmax (mg g−1) 12.7
KL (L mg−1) 1.54·10−1

RL 0.39
R2 0.9886
χ2 0.7133

SSE 0.4652
RMSE 0.2157

HYBRID 3.89
Freundlich KF ((mg g−1) (mg L)−1/n) 1.74

1/nF 0.70
R2 0.9989
χ2 0.0427

SSE 0.448
RMSE 0.0638

HYBRID 0.5005
Langmuir–Freundlich qmax (mg g−1) 649.7

KLF (L mg−1) 2.83·10−4

n 0.76
R2 0.9894
χ2 0.0780

SSE 0.0652
RMSE 0.0808

HYBRID 0.8380
Temkin KT (L mg−1) 4.58

b (kJ mol−1) 1.50
R2 0.9083
χ2 3.88

SSE 3.79
RMSE 0.6161

HYBRID 27.2
Redlich–Peterson KRP (L mg−1) 1938.0

a (L mg−1)g 1113.4
g 0.29

R2 0.9989
χ2 0.0428

SSE 0.0448
RMSE 0.0669

HYBRID 0.5725

The Freundlich constant 1/nF quantifies the process favorability; adsorption is consid-
ered favorable if 0 < 1/nF < 1 and unfavorable if 1/nF > 1. Furthermore, the Freundlich
constant 1/nF can also give information on the heterogeneity of the adsorbent surface. If
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1/nF = 1, the adsorbent surface is homogeneous, with equal adsorption energies for all sites,
resulting in linear adsorption. Instead, values of 1/nF < 1 signify surface heterogeneity
and varied site energies, leading to isotherm nonlinearity; the closer the 1/nF value to 0,
the higher the surface heterogeneity and the broader the distribution of binding energies
on the adsorbent surface. In this last case, the binding sites with the highest energy are
occupied first and, as these sites become occupied, adsorption continues on sites with
progressively lower energies [88,134]. In this study, we determined a value of 1/nF = 0.70
(Table 2), indicating that adsorption of FeII on PCP was favorable. This is in accord with
the Langmuir RL separation factor (determined as detailed in Supplementary Material)
having a value of 0.39 (Table 2); given that this parameter falls between 0 and 1, it reveals
the favorability of the adsorption system [88].

Because the Freundlich model assumes a multilayer retention of adsorbate on ad-
sorbent, it could suggest that physisorption is the primary mechanism [62,68]. However,
as with kinetic models, the successful fit of an adsorption isotherm model offers limited
insight into the specific mechanism governing the adsorption process; other analyses may
be needed to fully understand the adsorption process [68,128].

Since the Temkin bonding energy b value (Table 2) is below 8 KJ mol−1, weak physical
interactions can be designated as the primary force governing the uptake process [131]; this
conclusion is consistent with the recorded activation energy (see Section 3.3.2), which also
identifies physisorption as the dominant process involved the in retention of FeII by PCP.

3.5. Thermodynamic Studies

To evaluate the thermodynamic nature of the adsorption process, the standard Gibbs
free energy (∆G◦), standard enthalpy (∆H◦), and standard entropy (∆S◦) changes were
determined. These parameters were calculated utilizing equilibrium data gathered across
a temperature range of 283, 295, and 305 ◦K. Because using equilibrium constant values
with dimensions for the calculation of ∆G◦, ∆H◦, and ∆S◦ thermodynamic parameters is
mathematically incorrect [94], we first calculated the dimensionless standard adsorption
equilibrium constants K◦ at temperatures of 283, 295, and 305 ◦K, from the KL Langmuir
constants obtained at the same temperatures, as presented in Table S6 [91]. Then, based
on the linearized van ’t Hoff relationship (Table S6), the values for ∆S◦ and ∆H◦ were
derived from the resulting intercept and slope of the linear regression of lnK◦ against 1/T
(Figure S20). Finally, the variations in ∆G◦ values across the investigated temperature
range were determined from the equation describing the relationship of ∆G◦ with ∆H◦

and ∆S◦ (Table S6) [68,92]. As indicated by the negative ∆G◦ values (Table 3), adsorption
is a favorable process at all examined temperatures; the more negative ∆G◦ is, the more
favorable the adsorption [96]. The endothermic character of the adsorption process is
confirmed by the positive ∆H◦ (Table 3) [62]. This aligns with experimental results, which
demonstrated that increasing the temperature has a beneficial impact on overall adsorption
capacity. Furthermore, the magnitude of ∆H◦ can be used to infer the main pathway
by which the adsorbent and adsorbate interact [73]; a physisorption-dominated removal
mechanism is indicated by the fact that the obtained ∆H◦ was under 40 kJ mol−1 in this
study [94]. Lastly, the positive ∆S◦ value reflects an enhanced degree of disorder at the
solid–liquid interface during the adsorption process, along with a good affinity of the PCP
adsorbent towards FeII [88].

Table 3. Thermodynamic parameters of FeII adsorption on PCP.

∆G◦ (kJ mol−1) ∆H◦ (kJ mol−1) ∆S◦ (J mol−1 K−1)

T = 283 ◦K T = 295 ◦K T = 305 ◦K
−20.5 −22.1 −23.5 19.0 139.5
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3.6. Fate of the Spent Adsorbent

While the regeneration and reusability of traditional, high-cost synthetic adsorbents
are essential to balance process economics [2], the system investigated here relies on
abundant, low-cost vegetal waste. From a technoeconomic standpoint, the chemical and
energetic expenditure required for desorption surpasses the value of the precursor material,
rendering regeneration economically unviable. Furthermore, because of the relatively
low FeII toxicity, the disposal challenges associated with other hazardous heavy metals
are largely averted. Therefore, instead of being subject to discarding or regeneration, the
exhausted adsorbent can be valorized in several circular economy applications including
iron-rich agricultural soil amendment, low-cost stabilizing filler in construction materials,
and reactive material for other water treatment processes [2,55]. Nevertheless, it is worth
noting that a reliable regeneration profile cannot be fully represented by simplified syn-
thetic aqueous FeII systems. Real-world FeII bearing effluents (e.g., acid mine drainage
or industrial wastewater) feature complex co-existing ions and organic matter that can
trigger surface fouling, irreversible competitive binding, and altered desorption behavior.
Consequently, meaningful evaluation of regeneration and longevity metrics will be targeted
in future work under such realistic conditions.

4. Conclusions
This study reported the successful use of pine cone lignocellulosic material as a

sustainable bioadsorbent utilized for the remediation of FeII-contaminated aqueous phases.
Heavy metal adsorption correlated positively with temperature and pH but showed an
inverse relationship with increasing ionic strength and initial FeII concentration. To evaluate
the adsorption process, the reaction kinetics and equilibrium behavior were characterized
using five distinct kinetic models and five isotherm equations, respectively. An analysis
utilizing four error functions revealed that the pseudo-first-order model approach offered
the best fit for the kinetic data, while the Freundlich isotherm successfully characterized
the adsorption equilibrium. Thermodynamic parameters ∆G◦, ∆H◦, and ∆S◦ for FeII

adsorption on PCP have been evaluated.
The positive ∆H◦ reflects that the sorption process is endothermic. The negative

∆G◦ implies that adsorption was favorable over the studied temperature spectrum. This
is in line with the RL Langmuir separation factor and 1/nF Freundlich constant, which
consistently point towards favorable adsorption conditions. Similarly, the positive ∆S◦

value implies a good affinity of the PCP for FeII, reflecting a higher state of disorder at the
adsorbent–solution boundary. The combined kinetic and thermodynamic analysis points
towards physisorption as the main mechanism for binding FeII onto PCP. Furthermore, both
intraparticle diffusion and boundary layer (film) diffusion were found to control the kinetics
of the process, as revealed by the Weber–Morris plot. The maximum Langmuir adsorption
capacity of PCP reached 12.7 mg g−1. Compared to the single untreated waste-derived
adsorbent found in the literature (2.02 mg g−1 for pine bark, [58]), PCP demonstrates supe-
rior performance, establishing it as an efficient and economical alternative to commercial
activated carbons. The findings demonstrate that PCP serves as an effective, low-cost
alternative to traditional water treatment media. By repurposing biological waste into a
functional resource, this research provides a scalable, eco-friendly solution for industrial
heavy metal mitigation. This ”waste-to-resource” strategy aligns with green chemistry
principles, offering a cost-effective pathway to mitigate environmental pollution while min-
imizing the ecological footprint of water purification technologies. To further advance the
significance and practical application of this work, future research directions should focus
on: (1) continuous-flow fixed-bed column studies to transition from batch scales to realistic
industrial configurations, (2) testing the adsorbent against complex multi-metal matrices
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and real effluents to validate its robustness in real-world environmental remediation, and
(3) evaluating the desorption behavior and reusability profiles of the spent PCP biomass to
ensure process economy. Addressing these aspects will bridge the gap between laboratory
findings and field-scale applications, further establishing PCP as a viable, eco-friendly
technology for heavy metal remediation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18147064/s1, Figure S1: FTIR spectra of fresh PCP; Figure S2:
FTIR spectra of fresh PCP-Fe; Figure S3: SEM micrograph of PCP; Figure S4: SEM micrograph of
PCP-Fe; Figure S5: EDX pattern of PCP; Figure S6: EDX pattern of PCP-Fe; Figure S7: Effect of
pH on FeII concentration in control experiments; Figure S8: Fitting results of the pseudo-first-order
kinetic model; Figure S9: Fitting results of the pseudo-second-order kinetic model; Figure S10: Fitting
results of the pseudo-nth-order kinetic model; Figure S11: Fitting results of the Elovich kinetic model;
Figure S12: Fitting results of the Weber–Morris kinetic model (qt vs. time); Figure S13: Fitting results
of the Weber–Morris kinetic model (qt vs. time0.5); Figure S14: Arrhenius plot of ln k1 versus 1/T
for the determination of the activation energy; Figure S15: Fitting results of the Langmuir isotherm
model; Figure S16: Fitting results of the Freundlich isotherm model; Figure S17: Fitting results of
the Langmuir–Freundlich isotherm model; Figure S18: Fitting results of the Temkin isotherm model;
Figure S19: Fitting results of the Redlich–Peterson isotherm model; Figure S20: Plot of lnK◦ versus
1/T for the determination of the ∆H◦ and ∆S◦; Table S1: Setup design of batch kinetic experiments;
Table S2: Setup design of batch equilibrium experiments; Table S3: Kinetic models applied for the
evaluation of the adsorption process; Table S4: Thermodynamic models applied for the evaluation of
the adsorption process; Table S5: Arrhenius equation used for the evaluation of activation energy;
Table S6: Equations used for the evaluation of thermodynamic parameters; Table S7: Assignments in
the FTIR spectrum of fresh and exhausted PCP; Table S8: Comparison of specific surface area reported
in the literature for various agricultural waste bioadsorbents; Table S9: Comparison of pseudo-first-
order kinetic parameters reported in the literature for the adsorption of FeII on various agricultural
waste bioadsorbents; Table S10: Comparison of Weber–Morris kinetic parameters reported in the
literature for the adsorption of FeII on various bioadsorbents.
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