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Abstract

Empty pinecones are a largely available byproduct of Pinus pinea L. nut production, mostly
concentrated in the Mediterranean area; e.g., in Portugal, around 70,000 tons of pinecones
are produced annually. One valorization line for residual biomass is its use as biosorbents
for the removal of contaminants in effluents and water courses which are an increasing
environmental problem. This study explores the biosorbent potential of pinecones to
remove zinc ions from aqueous solutions. We analyzed the morphology and chemical
composition of pinecones (9.4% extractives, 37.0% lignin, 68.6% holocellulose, 1.4% ash).
The effect of pH and adsorbent dose on the adsorption process was studied, as were the
sorption kinetics and isotherms. The pinecones showed good potential to remove Zn ions,
with 96% removal at pH 7 and a maximum adsorption capacity of 7.92 mg g−1. The process
followed the Freundlich isotherm model, indicating a heterogeneous surface and multilayer
adsorption, and the pseudo-second-order kinetic model, suggesting chemisorption as the
dominant mechanism. The use of pinecones as bio-adsorbent is therefore a green and
low-cost alternative for environmental remediation and biomass waste management.

Keywords: pinecones; wastewater treatment; biosorption; zinc removal; byproducts valorization

1. Introduction
Pine species constitute one of the most commercially valuable groups of forest trees,

extensively utilized in industrial wood processing and as sources of non-timber forest
products [1]. Approximately 130 species of pines (Pinus spp.) are recognized, originating
primarily in the Northern Hemisphere, with some species also native to Southern Africa
and Australia [2]. Today, they are cultivated across diverse regions worldwide. The stone
pine (Pinus pinea L.) is among the most prominent species, widely cultivated throughout the
Mediterranean basin, particularly in Spain, Portugal, Italy, Greece, Albania, and Turkey [3].

The primary economic use of the stone pine is the production of edible pine nuts
(pinions), which possess high commercial and nutritional value [4], ranking among the
most significant non-timber forest products in Mediterranean countries [5]. The industrial
processing of pinions after the field collection of the pinecones includes the cone opening,
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the separation of woody parts from the shelled nuts, and the subsequent shell crushing and
nut peeling [5]. The pinecones are a byproduct of this production, concentrated in large
quantities at the processing mills, estimated at 200–600 kg/ha, and a total of 70,000 tons of
stone pinecones are produced every year in Portugal [6,7].

Biomass residues generated from agro-industrial and agroforestry activities, often
burned or discarded in the field, are increasingly targeted for valorization within inte-
grated waste management strategies aimed at generating economic value and mitigating
environmental impacts [8]. One valorization route for lignocellulosic wastes lies in their
capacity to bind metal ions, which is attributed to their porous structures and diverse
surface functional groups, such as carboxyl and hydroxyl [9,10].

The removal of heavy metals from wastewater is a matter of great interest given
their toxicity and lack of biodegradability being a threat to both ecosystems and human
health [11]. Common pollutants in industrial effluents include cadmium (Cd), chromium
(Cr), copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn) [8]. Adsorption is a particularly
important method for water treatment [2]. Among the various sorbents that are com-
mercially used or under investigation, biosorbents consisting of dead and live biomass
are very much in the limelight since their use in biosorption is a low-cost and effective
treatment to eliminate heavy metals from industrial wastewater via multiple binding
mechanisms [11,12].

Pine-derived wastes, including wood, sawdust, bark, needles, and cones, are abundant
globally and have been investigated as cost-effective biosorbents for metal ion removal [13].
The removal of Cu(II) and Cd(II) by biosorption with pinecones was analyzed and showed
promising results [14]. Milled pinecones (Pinus halepensis and Pinus pinea) were applied to
remove Pb(II), Cd(II), Cu(II), and Cr(VI) from aqueous solution achieving good removal
efficiency [11]. Another study tested carboxylate-modified pinecones in the removal of
Pb ions and obtained high adsorption levels [10]. The bark powder of Pinus brutia and
a mixture of Pinus pinaster, Pinus radiata, Pinus pinea, and Pinus sylvestris were tested as
biosorbents to remove Pb [15], and Fe, Cu, Zn, Cd, Ni, Pb, and Sn ions showed good
capabilities for the adsorption of metal ions [14,16]. Pine sawdust (Pinus sylvestris) was
applied to adsorb Cd(II) and Pb(II) ions, achieving removal rates of 96% for Cd and 98% for
Pb [17]. However, few studies have specifically addressed Zn(II) biosorption or correlated
the chemical properties of the biomass with its adsorption potential.

Zn(II) removal from aqueous solutions, under both mono- and multi-metal conditions,
has been explored using biomasses such as clarified sludge, rice husk ash, neem bark,
activated alumina [18], P. pinaster bark [19], crab shell [20], Lemna gibba [21], Ziziphus
joazeiro barks [22], and Sargassum ilicifolium [23]. Overall, the biosorption of zinc ions was
effective, although pH, contact time, biosorbent dosage, initial metal concentration, and
kinetic and isotherm models varied across the adsorbents. Spectroscopic and microscopic
analyses confirmed the involvement of functional groups (e.g., carboxyl) in the metal
binding mechanism.

In the present study, we explored the biosorbent potential of stone pinecones (SPCs)
and their applicability to remove zinc ions from aqueous solutions. The rationale for
this approach is rooted in the large-scale availability of pinecones at pine nut processing
mills, their favorable handling properties, and suitable physicochemical characteristics.
Additionally, pinecones are a low-value byproduct, often discarded or used as bulk biomass
for energy.

Chemical composition was determined using wet chemical analysis and Fourier-
transform infrared spectroscopy (ATR-FTIR). Physical properties were studied by scanning
electron microscopy (SEM), thermogravimetric analysis (TGA), and powder X-ray diffrac-
tion (XRD) measurements. Batch adsorption experiments were conducted with granulated
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pinecones, assessing the effects of pH, adsorbent dosage, and particle size, alongside kinetic
and isotherm modeling.

2. Materials and Methods
2.1. Sample Preparation

The stone pinecones (SPCs) used in this study were collected as residues from pine
nut processing mills, supplied by local producers in the Viseu region, Portugal. The cones
were milled using a Retsch SMI mill and sieved (Retsch AS200) to obtain three particle
size fractions, 40–60 mesh (0.420–0.250 mm), 60–80 mesh (0.250–0.177 mm), and <80 mesh
(<0.177 mm), which were subsequently used in the experiments. Samples were oven-dried
at 105 ◦C for at least 2 h to ensure complete moisture removal before use.

To evaluate the intrinsic adsorption capacity of the pinecones, no chemical or ther-
mal pre-treatment was applied, thus preserving their natural composition. This mini-
mal processing approach, with low energy requirements, aligns with the broader goal
of assessing SPCs as a sustainable, low-cost biosorbent suitable for large-scale water
treatment applications.

Stock solutions of Zn(II) were prepared from Zn(NO3)2 in distilled water at target
concentrations, 10, 20, 30, 40, and 50 mg L−1, for batch adsorption experiments.

2.2. Chemical Characterization of Pinecones

The chemical characterization involved the quantification of extractives, holocellulose,
α-cellulose, lignin, ash, and inorganic cationic contents. All analyses were conducted with
the 40–60 mesh fraction, in triplicate, to ensure reproducibility and accuracy.

Sequential extractions were carried out using dichloromethane, ethanol, and water
in accordance with the TAPPI T 204 standard [24]. Cellulose content was determined
following the Kürschner and Höffner method. Holocellulose was determined via the
acid-chlorite method using extractive-free material. The determination of α-cellulose was
performed following the TAPPI T 203 procedure [25]. The content of hemicelluloses was
estimated as the difference between the contents of holocellulose and α-cellulose. Lignin
content was analyzed according to the TAPPI T 222 standard [26], including Klason lignin
(insoluble fraction) and the acid-soluble lignin measured spectrophotometrically at 205 nm.

Ash content was determined by calcination in a muffle furnace at 525 ◦C until white
ash was obtained. For cation quantification, ashes were digested in 65% nitric acid, and the
concentrations of Ca, Mg, K, Na, and Zn were measured using a flame atomic absorption
spectrophotometer (AAS, Perkin Elmer AAnalyst 300, Shelton, CT, USA).

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra were ob-
tained using a PerkinElmer Spectrum Two spectrometer. Spectra were acquired over the
range of 4000–500 cm−1 at a resolution of 4.0 cm−1 with a scanning rate of 10 scans per
minute. Prior to analysis, samples were oven-dried at 100 ◦C. For spectral acquisition,
powdered samples (<80 mesh) were pressed directly against the ATR crystal.

The point of zero charge (pHpzc) was determined by adding 0.10 ± 0.05 g of <80 mesh
sample to 25 mL of distilled water adjusted to pH 2–12 (NaOH or HCl, 0.1 M), followed
by 24 h agitation at room temperature. Initial and final pH values were recorded (HACH
HQ 30d pH meter), and pHpzc was identified as the pH range where the buffering
effect occurred.

2.3. Physical Properties and Pinecone Surface Characteristics

All the physical analyses and characterization were made with the powder fraction
(<80 mesh).
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High-resolution scanning electron microscopy (SEM) was performed on a Hitachi
SU-70 (Monocomp) microscope (Hitachi High-Tech Corporation, Tokyo, Japan), operated
at an accelerating voltage of 15 kV. Samples were mounted on aluminum stubs and coated
with a conductive carbon layer using an Emitech K950X carbon evaporator.

Powder X-ray diffraction (XRD) measurements were carried out on an Empyrean
PANalytical diffractometer (Malvern Panalytical B.V., Almelo, The Netherlands) equipped
with a PIXcel 1D detector and operated in Bragg–Brentano para-focusing geometry. The
instrument utilized Cu Kα radiation (λ1 = 1.540598 Å, λ2 = 1.544426 Å) with operating
conditions of 45 kV and 40 mA. Diffraction data were collected in continuous scan mode
over the 2θ range of 3.5◦ to 50◦, with a step size of 0.01◦.

Thermogravimetric analysis (TGA) was conducted using a Mettler V3 thermobal-
ance coupled with a TC10A processor (Mettler-Toledo AG, Greifensee, Switzerland), with
heating from ambient temperature to 800 ◦C at 5 ◦C min−1.

2.4. Adsorption Studies

The effects of particle size (40–60 mesh, 60–80 mesh, and <80 mesh), adsorbent dosage
(based on particle size efficiency), and pH (range 3–9) on Zn(II) removal were evaluated by
carrying out batch adsorption experiments. All tests were conducted in triplicate, using an
initial Zn(II) concentration of 20 mg L−1, 240 min contact time, and room temperature.

To study the isotherms, tests were performed with increasing concentrations of Zn
ions, from 10 to 50 mg L−1, and the Langmuir (Equation (1)) and Freundlich (Equation (2))
models were analyzed. In the kinetic tests, time variation was between 1 and 30 min, with a
Zn concentration of 20 mg L−1, and the pseudo-first (PFO) and pseudo-second-order (PSO)
(Equations (3) and (4), respectively), Elovich (Equation (5)) and Intraparticle Diffusion (ID)
(Equation (6)) models were analyzed. The quantification of the remaining metals in solution
was performed by AAS. The adsorption rate (%) was given by the difference between the
initial and final concentration of the metal ion measured in the solution in percentage of
the initial concentration (Equation (7)).
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where qe (mg g−1) represents the quantity of ions adsorbed in each g of adsorbent material,
qmax corresponds to the saturation capacity of the adsorbent material, Ce (mg L−1) is
the equilibrium concentration, and KL is the Langmuir constant. The n is the Freundlich
parameter, which indicates the magnitude of the surface heterogeneity. The qt (mg g−1)
represents the adsorbed quantity at time t; k1 (min), k2 (g mg−1.min), and kint (mg g−1

min1/2) are the corresponding adsorption rate constants; a (mg g−1.min) is the initial
sorption rate constant; and b (g mg−1) is related to surface coverage. Ci is the initial
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concentration of the metal in the solution (mg L−1), and Cf is the concentration of the metal
remaining in the solution (mg L−1) after the adsorption process, measured by AAS.

3. Results
3.1. Chemical Composition, Ash, and Cationic Content

The results for the chemical composition and point of zero charge (pHpzc) are pre-
sented in Table 1. Theinorganic cation contents of SPCs are presented in Table 2.

Table 1. Chemical characterization of Pinus pinea cones (SPCs), expressed as a percentage of the initial
dry mass (%).

Parameter Value

Total extractives (%) 9.4 ± 0.39
Dichloromethane extractives (%) 3.6 ± 0.25
Ethanol extractives (%) 4.8 ± 0.86
Water extractives (%) 1.0 ± 0.67

Total lignin (%) 37.0 ± 0.44
Klason lignin (%) 36.9 ± 0.42
Soluble lignin (%) 0.1 ± 0.03

Holocellulose (%) 68.6 ± 0.38
α-cellulose (%) 49.0 ± 0.81
Hemicelluloses (%) 19.6 ± 1.07
Ashes (%) 1.4 ± 0.2
pHpzc 5.2

Table 2. Cationic contents in the ashes obtained from Pinus pinea cones (SPCs), presented in milligrams
per gram of initial dry mass (mg g−1).

Element

Ca Na Mg Zn K

Content (mg g−1) 0.15 0.20 0.46 0.001 1.72

The pinecones exhibited a relatively high content of total extractives (9.4%), of which
38% consisted of lipophilic compounds extracted with dichloromethane. Lignin content
was high (37.0%), while the α-cellulose and hemicellulose contents were also significant
(49.0% and 19.6%, respectively). Ash content was low (1.4%), with potassium (1.72 mg g−1)
being the most abundant element detected.

3.2. Fourier-Transform Infrared Spectroscopy (ATR-FTIR)

The ATR-FTIR spectrum obtained for the SPC samples is shown in Figure 1, as the
average of three independent measurements.

The spectrum is characterized by a broad band at approximately 3336 cm−1 recognized
as O-H stretching of hydroxyl groups, a band between 2826 and 2980 cm−1, characteristic
of the presence of CH2 stretch, a peak at 1724 cm−1 from C=O groups, and a sharp peak
at 1505 cm−1 and a broad peak around 1606 cm−1 which are characteristic of aromatic
skeleton vibration of lignin. The spectrum is dominated by a large and broad peak at
around 1027 cm−1 characteristic of C-O, CC, and C-CO stretch in cellulose, hemicelluloses,
and lignin.



Environments 2025, 12, 284 6 of 17

5001000150020002500300035004000

A
bsorbance (a. u.)

Wavenumber (cm‒1)

Figure 1. ATR-FTIR spectra of Pinus pinea cone powder (<80 mesh) samples.

3.3. Pinecone Surface Characteristics
3.3.1. Scanning Electron Microscopy (SEM)

SEM micrographs (Figure 2) revealed SPC particles with a fragmented cellular struc-
ture, exposing both surface and cross-sectional views of cell walls. The material appeared
heterogeneous, irregular, and porous, with multiple cracks and voids. Due to the small
particle size (<177 µm) used, intact cells (e.g., tracheids) were not observed.

(a) (b) 

Figure 2. SEM images of the surface of powder samples (>180 µm) of Pinus pinea cones (SPCs), at
magnifications of 500× (a) and 600× (b).

3.3.2. Powder X-Ray Diffraction (XRD)

The diffractogram obtained for the pinecone samples is presented in Figure 3.
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Figure 3. Powder X-ray diffractogram of the Pinus pinea cone (SPC) powder sample (>80 mesh).
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Characteristic peaks for cellulose identified (2 theta) at 15.7◦, 21.3◦, and 34.4◦ [27] were
present in the SPC powder sample. Another peak at approximately 10◦ was also observed.

3.3.3. Thermogravimetric Analysis (TGA)

The thermal analysis curves, thermogravimetric (TG) and derivative thermogravimet-
ric (DTG) of SPCs are presented in Figure 4.
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Figure 4. Thermal analysis curves (TG and DTG) of Pinus pinea cones (SPCs).

The thermal analysis of SPCs reveals important insights into their decomposition
behavior. The TG curve shows a gradual decrease in mass as the temperature increases, and
different phases were observed: an initial small mass decrease until about 100 ◦C, followed
by a short plateau until about 230 ◦C, when mass loss started, with a significant drop
occurring until approximately 480 ◦C, with a small inflection at 365 ◦C, corresponding to the
major degradation phase. Subsequently, the mass remains constant, and the high residual
mass observed at around 600 ◦C suggests a substantial content of fixed carbon or ash.

The DTG curve presents three distinct degradation peaks at approximately 80, 330, and
450 ◦C. The first peak (~80 ◦C) is associated with the evaporation of moisture or volatile
compounds. The second, more intense peak (~330 ◦C) corresponds to the degradation
of hemicelluloses and the onset of cellulose and lignin decomposition. The third peak
(~450 ◦C) is attributed to the thermal breakdown of cellulose and lignin, and resistant
components such as resins and phenolic compounds.

3.4. Adsorption Tests
3.4.1. Effect of Particle Size

The experimental results of the SPC particle size influence on the adsorption process
of zinc ions are presented in Table 3.

Table 3. Influence of particle size of Pinus pinea cones (SPCs) in the sorption of Zn ions measured as
the removal rate in % of the initial concentration (20 mg L−1).

Granulometry (Mesh) Particle Size (mm) Removal Rate (%)

40–60 0.420–0.250 95.3

60–80 0.250–0.177 96.1

<80 <0.177 96.4

No significant difference was observed between the particle sizes tested, with the
sorption rates for all particle sizes around 96%. Therefore, it was decided to use the smallest
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particle size (<0.177 mm) in the current experiments in order to have the greatest surface
area of contact between the adsorbate and adsorbent.

3.4.2. Effect of Adsorbent Dosage

The amount of adsorbent used plays a significant role in the adsorption process, since
the number of active sites available to bind the zinc ions is directly related to the mass of
adsorbent. The effect of adsorbent dose was tested by increasing the dosage of the SPC
biosorbent from 1 to 8 g L−1, with an initial Zn concentration of 20 mg L−1. The results
obtained are shown in Figure 5.
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Figure 5. Influence of the adsorbent dose of Pinus pinea cones (SPCs) as powder samples (> 80 mesh)
in the sorption rate of Zn ions measured as the removal rate in % of the initial concentration
(20 mg L−1).

Adsorption rates higher than 90% were obtained for all the experimentally tested
dosages. The adsorption increased when increasing the adsorbent dose from 1 to 2 g L−1,
but between 2 and 8 g L−1, only a slight difference was observed. Since good results were
achieved with 4 g L−1, this dosage was used for the following experimental studies to
avoid particle aggregation and to reduce the cost of the process.

3.4.3. Effect of pH

The pH can modify the way that metal ions are available in the solution, limiting the
sorption rate. The influence of pH in the solution was tested with a pH range from 3 to 9,
as shown in Figure 6.
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Figure 6. Influence of the pH on the adsorption rate of Zn ions by Pinus pinea cones (SPCs) as
powder samples (>80 mesh, 4 g L−1) measured as the removal rate in % of the initial concentration
(20 mg L−1).



Environments 2025, 12, 284 9 of 17

Good results were achieved within all the pH ranges tested, with adsorption rates
between 93 and 98%, although an increase in the sorption rate was noted with the increase
in the pH. However, at pH 8–9, precipitation of zinc in the form of Zn(OH)2 can occur,
which may have influenced the results. Therefore, a pH of 7 was selected as ideal for
binding Zn ions onto the SPC biosorbent.

3.4.4. Adsorption Isotherms

The isotherms describe the way adsorption occurs on the surface of the adsorbent
material. The effect of the initial concentration of Zn ions on the adsorption rate is presented
in Figure 7.
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Figure 7. Effect of the initial concentration of zinc ions (10–50 mg L−1 ) on the adsorption rate on
Pinus pinea cones (SPCs) as powder samples (> 80 mesh, 4 g L−1) measured as the removal rate in %
of the initial concentration.

The isotherm experimental results were plotted according to the Langmuir and Fre-
undlich models, as shown in Figure 8. The parameters obtained for the models are pre-
sented in Table 4.
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Figure 8. Plotting of the experimental results of the Pinus pinea cones (SPCs) adsorption isotherm of
zinc ions according to the Langmuir and Freundlich models.

According to the correlation obtained, the adsorption of zinc onto SPCs follows the
Freundlich model (R2 = 0.999), characterized by a multilayer deposition with heterogeneous
forces of adsorption.
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Table 4. Parameters found for Langmuir and Freundlich isotherm models for the adsorption of zinc
ions by Pinus pinea cones (SPCs).

Langmuir Freundlich

R2 qmax (mg g−1) KL (L mg−1) R2 n KF (mg g−1)

0.96 7.92 1.15 0.99 0.54 0.08

3.4.5. Adsorption Kinetics

The kinetics elucidates the speediness of the reaction and allows insight into the
binding mechanisms between adsorbate and adsorbent. The plotting of contact time and
initial concentration is given in Figure 9.
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Figure 9. Adsorption rate of Zn ions over contact time with pinecone adsorbent.

Four kinetic models were tested, PFO, PSO, Elovich, and ID, as shown in Figure 10,
and the results are given in Table 5.
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Figure 10. Plotting of the experimental results of Pinus pinea cones (SPCs) adsorption kinetics
according to the PFO, PSO, Elovich, and ID models.
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Table 5. Mathematical parameters of the pseudo-first- and pseudo-second-order, Elovich, and
Intraparticle Diffusion kinetic models found for the adsorption of Zn by Pinus pinea cones (SPCs).

PFO PSO Elovich ID

K1
(L min−1)

qe
(mg g−1)

qe exp
(mg g−1) R2 K2

(g mg−1.min)
h

(mg g−1.min)
qe

(mg g−1)
qe exp

(mg g−1) R2 a b R2 C kdif R2

0.04 1.43 156.84 0.96 0.006 1.00 156.25 156.84 1 0.66 154.53 0.97 154.28 0.50 0.95

According to the correlation results, the adsorption of Zn ions onto pinecones occurs
mostly by chemisorption, following the PSO model, with experimental and modeling
results totally fitted (R2 = 1). However, the other models tested also presented good correla-
tions, which means that more than one mechanism may take place along the sorption pro-
cess. The equilibrium or saturation point of the adsorbent was observed at around 30 min.

4. Discussion
4.1. Chemical Characterization of Pinecones (SPCs)

The chemical composition of SPCs (Table 1) is consistent with the limited literature
available for Pinus pinea cones. For instance, cones collected from various regions of
Turkey contained 0.8–1.5% ash, 5.2–7.5% cyclohexane–ethanol extractives, 34.5–38.8%
lignin, 52.3–57.1% holocellulose, and 35.8–39.0% α-cellulose [28]. Compositional variability
has been reported for pinecones from other Pinus species; they generally exhibit elevated
extractives and lignin content, as reported for P. pinaster [29] and P. nigra [30].

The main chemical constituents of SPCs are cellulose, hemicelluloses, and lignin,
which all contain functional groups of interest to the chemisorption of metal ions. Cellulose
is a linear glucose polymer containing hydroxyl (–OH) groups, contributing to hydrogen
bonding, while hemicelluloses are amorphous polymers with more accessible OH groups
and include other more functional groups, e.g., ester and acid, increasing the number
of active sites. Lignin contains methoxyl, phenolic, and carboxyl groups that interact
with contaminants.

The point of zero charge (pHpzc) of SPCs was 5.2 (Table 1), similar to the value of
5.6 found for Pinus spp. cones [1] although lower than that found for pinecones from
Tunisia (6.2) [9].

BET analysis yielded negligible measurable surface area, suggesting that SPCs pre-
dominantly contain macropores, which contribute minimally to total surface area compared
with meso- and micropores. Consequently, metal ion adsorption by SPCs is likely gov-
erned primarily by surface functional group chemistry (e.g., –OH and –COOH) rather
than by physical surface area, with chemical interactions such as chelation and ion
exchange predominating.

The ATR-FTIR spectra (Figure 1) displays characteristic bands of extractives, lignin,
cellulose, and hemicelluloses, in agreement with previous reports for pinecones. A similar
spectral pattern of functional groups was observed: O–H stretching vibrations of the
hydrogen-bonded hydroxyl group, C–H stretching vibration of the aliphatic group, C=O
stretching vibrations of the carboxyl groups, and C-O stretching vibration of the primary
alcohol groups [9,11,31]. Additional features were observed, such as carboxylic/aromatic
hydroxyl (–OH) stretching of the phenol group at 1386 cm−1 and 1268 cm−1 [11], C=C
aromatic ring stretching vibration at 1580 cm−1, phosphoric compounds around 1200 cm−1,
stretching vibrations of hydrogen-bonded P=O at 1173 cm−1, and acid phosphate esters at
1072 cm−1 [31].

In summary, the chemical characteristics of SPCs highlight their potential as effec-
tive biosorbents due to the abundance of functional groups such as hydroxyl, carboxyl,
methoxyl, and phenolic groups. These groups, primarily located within cellulose, hemicel-
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luloses, and lignin, facilitate diverse interactions with metal ions, including coordination,
electrostatic attraction, ion exchange, and complexation. The observed chemical features,
supported by ATR-FTIR analysis and pHpzc data, align with prior findings for Pinus
species and underscore the suitability of SPCs for metal ion adsorption.

4.2. Surface Morphology and Structural Analysis

SEM micrographs (Figure 2) reveal that SPC particles exhibit a fragmented and ir-
regular cellular structure. The surface morphology is heterogeneous and porous, with
multiple fissures and voids distributed across the matrix. This architecture increases the ac-
cessibility of internal functional groups, potentially enhancing sorption kinetics. Likewise,
in pinecones from Tunisia, the SEM images before adsorption revealed an irregular and
uneven surface [9]. The same pattern was described for Pinus halepensis cones [32].

Crystallinity plays a critical role in adsorption processes, particularly in polymeric and
particulate adsorbent materials, due to its influence on the solid structural organization.
Materials with higher degrees of crystallinity can exhibit a reduced surface area, leading to
the lower availability of active sites. Conversely, a crystalline structure may also impact
the diffusional pathways of adsorbates, thereby affecting both the adsorption kinetics and
the overall uptake capacity. XRD analysis of pinecones identified characteristic peaks for
cellulose (2 theta) at 15.7◦, 21.3◦, and 34.4◦ [27]. These peaks were also identified in SPCs
in this work (Figure 3), at 2θ = 16◦, 22◦, and 34◦, which indicates that the structure is
mainly organized with crystalline cellulose [9]. XRD analysis of milled pinecone shells
from Tunisia showed a broad peak from 11◦ to 34◦ (2θ), which characterizes the amorphous
phase, as observed in biosorbents constituted by lignin, hemicelluloses, and amorphous
cellulose [9]. This broad peak was not identified in this work.

The thermal decomposition profile of SPCs (Figure 4) is characterized by an initial
mass loss of up to ~100 ◦C, attributed to moisture and volatile organic compounds, followed
by a minor plateau until ~230 ◦C. The major degradation stage occurs between ~230 ◦C and
480 ◦C, with an inflection near 365 ◦C, indicative of overlapping hemicellulose, cellulose,
and lignin decomposition. A third degradation event near 450 ◦C is associated with
thermally stable fractions such as lignin-derived aromatics, resins, and phenolic compounds.
The substantial residual mass at 600 ◦C reflects a high fixed carbon and mineral ash content,
consistent with the elemental analysis. This behavior is related to the high content of lignin
and extractives, such as resins and phenolic compounds, typically found in conifers [33].

A study with pinecones from Spain reported that the loss in weight between
175 and 200 ◦C corresponds to equilibrium moisture content, while from 200 to 300 ◦C, less
stable constituents are decomposed, like hemicelluloses, and between 300 and 400 ◦C, the
degradation of cellulose occurs [34]. Similar results were reported in the thermal analysis
of pinecones from China, for which the DTG curve demonstrated two weight loss peaks
at approximately 300 and 450 ◦C, with the first attributed to the pyrolysis of lignin and
hemicelluloses, and the second to the presence of resin, tannin, pigments, etc. [35]. Simi-
larly, the main decomposition of pinecones in an inert atmosphere (nitrogen) occurs in the
temperature range of 200–500 ◦C [8]. Another study analyzed the pyrolysis of biomass,
showing that the weight loss of hemicelluloses occurred at 220–315 ◦C and cellulose at
315–400 ◦C, while the lignin was more difficult to decompose, encompassing a wide range
of temperature between 160 and 900 ◦C [36].

In conclusion, the morphological and thermal analyses reveal features that reinforce
their applicability as biosorbents.
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4.3. Adsorption Process

The adsorption of Zn ions onto SPCs demonstrated high efficiency, with removal
rates reaching 96%. The influence of particle size on Zn(II) removal efficiency was negli-
gible (Table 3), with removal rates consistently around 96% across the tested size range
(0.420–<0.177 mm). This can be attributed to the use of a batch suspension adsorption
system, where the adsorbent is uniformly dispersed in the solution, allowing for maximal
surface area contact between the adsorbent particles and the Zn ions. In the suspension
system, finer particle sizes can be advantageous because they provide a greater surface
area and more accessible adsorption sites, leading to faster adsorption kinetics and higher
removal efficiency. Moreover, suspension adsorption avoids the issue of flow resistance
since there is no fluid passing through a packed structure. In contrast, in fixed-bed column
systems, particle size plays a much more critical role, with smaller particles often leading to
practical limitations, such as dropping pressure, flow channeling, or even column clogging.
These factors make fixed-bed adsorption less suitable for very fine particles, particularly
in continuous flow treatment processes. In this study, the batch suspension method was
deliberately chosen because it facilitates a more controlled laboratory assessment of adsorp-
tion potential, enables efficient contact between adsorbate and adsorbent, and eliminates
concerns related to pressure drop and flow obstruction.

Additionally, the observed increase in adsorption efficiency with rising adsorbent
concentration—from 1 to 4 g L−1 (Figure 5)—further supports the applicability of SPCs in
such suspension-based treatment approaches.

Similar results were observed for clarified sludge, rice husk ash, activated alumina,
and neem bark: increasing the adsorbent dosage from 2.5 to 30 g L−1, the adsorption of
Zn increased, with the maximum removal rate achieved at 10 g L−1 [18]. However, for
Sargassum ilicifolium, the removal rate of Zn, Cu, and Ni ions decreased with increasing the
biomass dosage from 0.2 to 1.4 g L−1 [23].

Milled pinecone was used as a biosorbent to remove Cd, Pb, Cu, and Cr(VI) from
aqueous solution [11]. An amount of 2 g L−1 was the optimum dosage, at pH 5.5, to remove
Cu and Pb, while for Cd, the dose of 5 g L−1, at the same pH, showed the best result. For
Cr(VI), the best adsorption rate was achieved with 10 g L−1, at pH 2.

The pH plays a significant role in the adsorption process. SPCs exhibited high Zn(II) re-
moval efficiency (93–98%) across the pH range of 3–9 (Figure 6), with a slight upward trend
at higher pH values. However, the potential precipitation of Zn(OH)2 above pH 8 required
the selection of pH 7 as the optimal operating condition to ensure adsorption predominance
over precipitation. This is in accordance with the pHpzc value of 5.2. When the pH of the
solution is under the pHpzc, the surface is positively charged, which causes electrostatic
repulsion between ions and the biosorbent surface, while, on the contrary, when the pH of
the solution is above the pHpzc, the surface becomes negatively charged, heading to electro-
static attraction [37]. A few results have been reported for other biosorbents, e.g., the ideal
pH for the removal of zinc onto clarified sludge, rice husk ash, neem bark, and activated
alumina was pH 5.0 [18], and pH 6.0 for Lemna gibba [21] and a hydroxyapatite–biochar
nanocomposite [37].

A clear decreasing trend in the adsorption rate was observed as the initial metal ion
concentration increased from 10 to 50 mg L−1, with the adsorption rate decreasing from
approximately 98.8% to 95.4% (Figure 7). This suggests that stone pinecones possess a high
affinity for Zn2+ ions, which is particularly highlighted at lower concentrations. At lower
initial concentrations (10–20 mg L−1), the number of Zn2+ ions in solution is relatively low
compared to the available active sites on the surface of the adsorbent. This leads to nearly
complete utilization of the ions by the abundant functional groups (e.g., hydroxyl, carboxyl)
present in the lignocellulosic structure of the stone pinecones, therefore resulting in a very
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high removal efficiency. However, as the initial concentration increases, the number of Zn2+

ions begins to exceed the available adsorption sites, and a gradual, although moderate,
decline in removal efficiency occurs due to site saturation and increased competition among
metal ions for limited binding sites. The high adsorption efficiency observed, even at the
higher metal concentrations, highlights the potential of stone pinecones as a low-cost and
effective biosorbent for Zn2+ ion removal from aqueous solutions. It is also worth noting
that the relatively small standard error bars indicate good reproducibility and reliability of
the experimental data. This means that the trituration and mixing of pinecones allows an
adsorbent homogeneity that overcomes the natural variability of individual pinecones.

The adsorption process follows the Freundlich model (R2 = 0.99, Table 4), which desig-
nates that the retention of ions occurs in a multilayer form in the SPC surface, indicating a
heterogeneous energy distribution of active sites. This is in accordance with the surface
heterogeneity observed in the SEM images (Figure 2). On the contrary, the removal of Pb
by pinecone-activated carbon follows the Langmuir model (R2 = 0.99) [31]. Similarly, the
removal of Cu and Cr(VI) by pinecones fitted the Langmuir model, while the best model to
describe the adsorption of Pb and Cd was the Langmuir–Freundlich isotherm [11].

The maximum adsorptive capacity of SPCs for Zn ions was found to be 7.92 mg g−1,
similar to the adsorption of Pb by pinecones of 6.78 mg g−1 [1]. A very similar adsorptive
capacity of 7.90 mg g−1 of Zn ions was reported when using Ziziphus joazeiro barks [22].
Activated carbons have higher adsorption capacity, as described for pinecone (Pinus nigra)-
activated carbon, which showed a maximum adsorption capacity of Pb of 27.53 mg g−1 [31].
Since SPCs show a predominantly crystalline cellulose structure, the maximum adsorption
capacity may have been limited by this factor.

Figure 9 illustrates the effect of contact time on the adsorption efficiency of Zn2+ ions
onto stone pinecones, with measurements taken from 15 min up to 360 min. The adsorption
rate remains consistently high, fluctuating slightly around 97.5–98.1%, indicating that
equilibrium is reached rapidly and maintained over an extended period. The high initial
adsorption rate suggests that most of the available binding sites on the stone pinecone
surface are readily accessible and that Zn2+ ions are rapidly adsorbed due to a strong
affinity between the metal ions and the functional groups on the biosorbent. The minor
variations observed over time likely reflect experimental variability rather than a significant
change in adsorption behavior. Importantly, the lack of a significant increase in adsorption
with time beyond the first 15 min implies that equilibrium is reached quickly, making the
process highly efficient for practical applications. In fact, rapid equilibrium is advantageous
in large-scale water treatment processes, as it reduces the required contact time and thus
operational costs.

The kinetics experiments (Figure 8, Table 5) showed that the adsorption is mostly
chemisorption, following the PSO model (R2 = 1). This kinetic model states that chemical
bonds occur between adsorbate and adsorbent functional groups located on the surface,
which is confirmed by the low surface area determined by BET, indicating that the amount
of mesopores and micropores was very low. Similarly, the adsorption of Pb [10], Cu, and
Cd [14] onto pinecones also followed the pseudo-second-order kinetic model, with R2

between 0.99 and 1.
Nevertheless, the other models tested (PFO, Elovich, and ID) also showed good

correlation with the experimental data, which indicates that more than one mechanism
may take place during the process.

5. Conclusions
Stone pinecones (SPCs) exhibit physicochemical and structural properties suitable for

application as biosorbents. Their chemical composition—comprising a diverse array of
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functional groups derived from extractives, lignin, and polysaccharides—combined with a
heterogeneous, porous morphology and extensive surface area, facilitates efficient sorption.
In aqueous systems, SPCs achieved Zn(II) removal efficiencies of approximately 96% at
pH 7, with a maximum adsorption capacity of 7.92 mg g−1. The equilibrium data were
best described by the Freundlich isotherm model, indicating a heterogeneous adsorption
surface and multilayer uptake, while kinetic analysis followed a pseudo-second-order
model, consistent with chemisorption as the predominant mechanism.

Therefore, Pinus pinea cones are a promising, eco-friendly, and cost-effective biosorbent
for the removal of heavy metals from aqueous solutions, with clear potential for integration
into water treatment technologies. Future work will focus on the application of this biosorp-
tion process to real industrial wastewater and on assessing the effects of pre-treatment or
activation strategies on adsorption efficiency. Such studies may enable optimization under
practical waste management conditions and expand the operational scope of SPC-based
treatment systems.
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14. Değirmen, G.; Kılıç, M.; Çepelioğullar, Ö.; Pütün, A.E. Removal of Copper(II) and Cadmium(II) Ions from Aqueous Solutions by
Biosorption onto Pine Cone. Water Sci. Technol. 2012, 66, 564–572. [CrossRef]

15. Gundogdu, A.; Ozdes, D.; Duran, C.; Bulut, V.N.; Soylak, M.; Senturk, H.B. Biosorption of Pb(II) Ions from Aqueous Solution by
Pine Bark (Pinus brutia Ten.). Chem. Eng. J. 2009, 153, 62–69. [CrossRef]

16. González-Feijoo, R.; Santás-Miguel, V.; Arenas-Lago, D.; Álvarez-Rodríguez, E.; Núñez-Delgado, A.; Arias-Estévez, M.; Pérez-
Rodríguez, P. Effectiveness of Cork and Pine Bark Powders as Biosorbents for Potentially Toxic Elements Present in Aqueous
Solution. Environ. Res. 2024, 250, 118455. [CrossRef]

17. Taty-Costodes, V.C.; Fauduet, H.; Porte, C.; Delacroix, A. Removal of Cd(II) and Pb(II) Ions, from Aqueous Solutions, by
Adsorption onto Sawdust of Pinus sylvestris. J. Hazard. Mater. 2003, 105, 121–142. [CrossRef]

18. Bhattacharya, A.K.; Mandal, S.N.; Das, S.K. Adsorption of Zn(II) from Aqueous Solution by Using Different Adsorbents. Chem.
Eng. J. 2006, 123, 43–51. [CrossRef]

19. Cutillas-Barreiro, L.; Paradelo, R.; Igrexas-Soto, A.; Núñez-Delgado, A.; Fernández-Sanjurjo, M.J.; Álvarez-Rodriguez, E.; Garrote,
G.; Nóvoa-Muñoz, J.C.; Arias-Estévez, M. Valorization of Biosorbent Obtained from a Forestry Waste: Competitive Adsorption,
Desorption and Transport of Cd, Cu, Ni, Pb and Zn. Ecotoxicol. Environ. Saf. 2016, 131, 118–126. [CrossRef]

20. Morales-Barrera, L.; Cristiani-Urbina, E. Equilibrium Biosorption of Zn2+ and Ni2+ Ions from Monometallic and Bimetallic
Solutions by Crab Shell Biomass. Processes 2022, 10, 886. [CrossRef]

21. Morales-Barrera, L.; Flores-Ortiz, C.M.; Cristiani-Urbina, E. Single and Binary Equilibrium Studies for Ni2+ and Zn2+ Biosorption
onto Lemna Gibba from Aqueous Solutions. Processes 2020, 8, 1089. [CrossRef]

22. Santos, Y.T.d.C.; da Costa, G.P.; Menezes, J.M.C.; Nunes, J.V.S.; Hosseini-Bandegharaei, A.; Coutinho, H.D.M.; Júnior, D.S.; Filho,
F.J.d.P.; Teixeira, R.N.P. Adsorption of Zn(II) IONS by Ziziphus joazeiro Barks in Aqueous Solutions. Results Chem. 2024, 7, 101339.
[CrossRef]

23. Tabaraki, R.; Nateghi, A. Multimetal Biosorption Modeling of Zn2+, Cu2+ and Ni2+ by Sargassum ilicifolium. Ecol. Eng. 2014,
71, 197–205. [CrossRef]

24. T 204 cm-17; Solvent Extractives of Wood and Pulp, Test Method. Technical Association of the Pulp & Paper Industry (TAPPI):
Peachtree Corners, GA, USA, 2017.

25. T 203; Alpha-, beta- and gamma-cellulose in pulp. Technical Association of the Pulp & Paper Industry (TAPPI): Peachtree Corners,
GA, USA, 2008.

26. T 222 om-21; Acid Insoluble Lignin in Wood and Pulp. Technical Association of the Pulp & Paper Industry (TAPPI): Peachtree
Corners, GA, USA, 2002.

27. Bangaraiah, P.; Sarath Babu, B.; Abraham Peele, K.; Rajeswara Reddy, E.; Venkateswarulu, T.C. Removal of Multiple Metals Using
Tamarindus Indica as Biosorbent through Optimization of Process Variables: A Statistical Approach. Int. J. Environ. Sci. Technol.
2020, 17, 1835–1846. [CrossRef]

28. Gonultas, O.; Ucar, M.B. Characteristics of Pinus. Lignocellulose 2013, 2, 262–269.
29. Santos, J.; Pereira, J.; Ferreira, N.; Paiva, N.; Ferra, J.; Magalhães, F.D.; Martins, J.M.; Dulyanska, Y.; Carvalho, L.H. Valorisation of

Non-Timber by-Products from Maritime Pine (Pinus pinaster, Ait) for Particleboard Production. Ind. Crops Prod. 2021, 168, 113581.
[CrossRef]

30. Ucar, M.B.; Ucar, G. Lipophilic Extractives and Main Components of Black Pine Cones. Chem. Nat. Compd. 2008, 44, 380–383.
[CrossRef]
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