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The objective of this research was to investigate the efficiency
of Spondias tuberosa seeds (SST) as a bioadsorbent for Pb (II)
ions in aqueous solutions. Adsorption isotherms and kinetics as
well thermodynamics were studied in a batch system. The SST
residue was collected from pulp manufacturing industries in the
Cariri region of Ceará, specifically in the city of Juazeiro do Norte,
Ceará, Brazil. For the characterization of the adsorbent mate-
rial, point of zero charge (PZC), scanning electron microscopy
(SEM), and infrared spectroscopy (FTIR) analyses were performed.
The pHPZC obtained had an average value of 5.3, which was
adjusted to 5.5. SEM images revealed the presence of roughness

and porosity typical of fibrous plant materials. With increased
magnification, the material showed varying pore shapes and
sizes, generally derived from the structure of the plant cell
wall of the precursor biomass. It was also observed that the
adsorption rate reached equilibrium within 30 min. Thus, it was
concluded that the SST bioadsorbent demonstrated satisfactory
performance in the adsorption of Pb (II) ions with a maximum
adsorption capacity of 46.0 mg. g−1. These findings support the
use of SST as an environmentally friendly low-cost and efficient
biosorbent contributing to sustainable strategies for toxic metals
remediation.

1. Introduction

Industrial activity generates a significant volume of waste which,
when present in liquid form is referred to as effluent, resulting
from the utilization of water and other materials in the pro-
duction of specific products. When discharged untreated, these
effluents have the potential to cause substantial environmental
impacts.

Industrial process residues containing toxic metals, when
released into water bodies or onto soil surfaces, contribute to
the generation of serious environmental problems due to their
persistent nature. Due to their chronic toxicity, nonbiodegrad-
ability, and environmental bioaccumulation, toxic metals are
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highly harmful environmental pollutants, affecting water, soil,
and marine life.[1] The toxic action of these metals can also lead
to death or bioaccumulation, which amplifies the harmful effects
of these substances through the food chain.

Lead, mercury, cadmium, chromium, copper, and arsenic
are examples of toxic and carcinogenic metals that may be
present in effluents. These metals are not easily eliminated from
the human body, leading to diseases or poisoning (Lesmana,
2009[2]).

Effluents from industries such as ceramics, paints, plastics,
pesticides, automobiles, cement, steel, and batteries[3,4] are rich
in lead (II) ions, a toxic pollutant. The release of Pb (II) can signif-
icantly increase its concentration in the environment and persist
for long periods, resulting in severe health effects. Soluble or
moderately soluble lead salts readily enter biological systems
through polluted water and soil sources, significantly impacting
living organisms. Pb (II) severely affects photosynthesis, water
management, nitrogen metabolism, and cell division in plants.[4]

To prevent serious environmental and public health issues,
it is necessary to treat generated effluents before discharging
them untreated, thereby helping to minimize the concentration
of these components in compliance with current legislation.

To protect environmental safety and public health, vari-
ous treatment methods have been developed and explored
across a wide range of environmental and health research
areas. Each technology comes with its advantages and disadvan-
tages. Among the most efficient and safe techniques available
for the elimination of heavy metals are ion exchange, coagu-
lation, adsorption, membrane filtration, electrodialysis, photo-
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catalysis, microbial systems, electrochemical processes, biolog-
ical treatment, advanced oxidation processes, and membrane
bioreactors.[5] Although effective, some of these methods may
have limitations, such as high costs, complexity, time demands,
and the generation of residual waste.

One of the effective alternatives for the removal of toxic
metals such as Lead (II) from wastewater is the technique of
biosorption. This process is a reliable and cost-effective method,
characterized by low operational costs, minimal scaling issues,
and greater economy in the removal of toxic metals from efflu-
ents. Additionally, the adsorption technique is easy to use,
flexible, simple in design, and does not produce toxic pollutants
(Demirbas, 2008[5]).

Therefore, it is important to employ environmentally friendly
methods, such as adsorption to remove Pb (II) from effluents
and ensure a healthy environment.[6,7] Adsorption is a green pro-
cess that has been gaining prominence due to its numerous
advantages, including versatility, cost-effectiveness,[8] reduced
generation of by-products, biodegradability,[9] and superior effi-
ciency compared to other purification techniques that rely on
expensive synthetic and organic compounds.[8–10]

Agricultural waste biomass, such as cashew nut shell,[11] Cary-
ocar coriaceum Wittm shell,[12] raw neem,[13] Azadirachta indica A.
Juss. seeds,[13] bell pepper seeds,[14] coriander seeds,[15] among
others have shown effectiveness in the removal of Pb (II) from
wastewater.

Although several studies have investigated the adsorption of
Pb (II) ions using different bioadsorbents, the novel use of Spon-
dias tuberosa (umbu) seeds represents a significant advancement
in the search for alternative, sustainable, and low-cost materi-
als for the treatment of water contaminated with heavy metals.
This biomass still scarcely explored scientifically is abundant in
the semi-arid regions of Brazil and is often discarded as agro-
industrial waste. By investigating its adsorptive potential, this
study not only contributes to the valorization of a regional
byproduct but also expands the portfolio of promising mate-
rials for environmental remediation. The originality of the raw
material used adds innovation to the research and reinforces
its importance in the context of the circular economy and the
development of environmentally friendly technologies.

This study aimed to evaluate the potential of agro-industrial
residues for the removal of toxic metals from effluents by investi-
gating the adsorption performance of raw biomass derived from
Spondias tuberosa seeds (SST). The material was proposed as a
novel and sustainable bioadsorbent for the removal or reduc-
tion of lead (II) ions present in synthetic effluents, through batch
adsorption experiments encompassing kinetic, isothermal, and
thermodynamic analyses.

2. Materials and Methods

2.1. Collection and Preparation of Adsorbents

The SST residues were collected from a pulp manufacturing
industry located in the Cariri region of Ceará, specifically in
the city of Juazeiro do Norte, Ceará, Brazil. After collection, the

materials were washed with water 2 to 3 times to remove any
remaining pulp, and then exposed to sunlight for natural drying
over a period of 3 days.

After the natural drying process, all the material was sent
to the Chemistry Laboratory of the Regional University of Cariri,
where it initially underwent three cycles of grinding in a forage
cutter to achieve a finer appearance. Subsequently, the sieving
process was carried out, leaving all the particulate material with
a 32-mesh particle fraction.

Once the particulate material was prepared, it was dried in
an oven at 60 °C to remove all moisture for further use.

2.2. Material Characterization

2.2.1. Point of Zero Charge (pHPZC)

The determination of the pHPZC of the adsorbents is an essential
factor in characterizing the material, as it helps indicate the opti-
mal pH range for the adsorption of the target material.The pHPZC

represents the pH at which the surface of the adsorbent material
remains electrically neutral or at zero charge; thus, adsorbents
in contact with solutions with a pH above the pHPZC exhibit a
negatively charged surface, while below this point, the surface
becomes positively charged (Menk et al., 2019).

The point of zero charge (pHPZC) was determined based on
the method adapted from Regalbuto and Robles.[16] Thirteen
solutions with initial pH values ranging from 1 to 13 were pre-
pared and 20 mL of each solution was transferred into a 125 mL
Erlenmeyer flask containing 0.1 g of the adsorbent, previously
weighed using an analytical balance. The flasks were then agi-
tated at 150 rpm using a Nova Ética shaker, model 109–1, for a
period of 2 h. After the contact time, the final pH of each solution
was measured.

The pHPZC was determined by plotting �pH (pHinitial – pHfinal)
versus pHinitial, where the intersection point of the curve with the
x-axis corresponds to the pHPZC.[17–19]

2.2.2. Scanning Electron Microscopy (SEM)

Electron microscopy is used when information about the mor-
phology of a given material is needed. It is a procedure in which
a beam of electrons scans the surface of the material being
studied, generating a 3D image.[20]

Knowing that the shape, distribution, and size of pores on
the surface of bioadsorbents are directly related to adsorp-
tion efficiency—since they influence the direct access of solute
molecules to adsorption sites—understanding these parameters
through 3D imaging indicates the quality of the material for the
process.[21]

The SEM analyses were performed using an SU3500 micro-
scope (Hitachi, Tokyo, Japan) at the Regional University of Cariri
(URCA). The SST seed samples were mounted on an aluminum
sample holder using carbon tape. The images were acquired
under low vacuum (microscope chamber pressure at 100 Pa)
with a working distance of 10 mm using a backscattered elec-
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tron detector (BSE) in compositional mode and an electron
acceleration voltage of 15 kV.

2.2.3. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were obtained in transmittance mode using an
Agilent Cary 630 FTIR spectrometer. Fourier transform infrared
spectroscopy (ATR-FTIR) in the infrared region was performed
using the range of 4000–650 cmiha−1. The data were acquired
using Microlab and Resolution Pro software both from Agilent
(Santa Clara, USA). The maximum spectral resolution was 2 cm−1,
and the presented spectrum corresponds to the average of up
to eight readings for each wavenumber.

2.3. Batch Adsorption Experiments

2.3.1. Adsorption Kinetics

The study of adsorption kinetics is important to determine the
time at which the samples will reach equilibrium.

The experiment was conducted at the LEAS–Environmental
and Sanitary Engineering Laboratory of IFCE, Juazeiro do Norte
at the local temperature of 25 °C in duplicates using 10 mL
aliquots of lead (II) nitrate solution buffered with acetic solution
at 102 mg·L−1, obtaining a concentration in the pH range of 5.5.
The solution was transferred to a 125 mL Erlenmeyer flask con-
taining 0.05 g of the weighed adsorbent and then placed on a
shaker table at 150 rpm for periods of 1, 4, 8, 16, 30, 60, 120, and
240 min.

After the established contact times were reached, the sam-
ples were filtered through filter paper, stored, and transported to
the Analytical Center Laboratory of UFCA, where they were ana-
lyzed by Flame Atomic Absorption Spectroscopy (FAAS) using a
Varian SpectrAA 50B spectrometer.

The experimental results were determined by the adsorptive
capacity of the material following the study equations below:
Lead (II) adsorption efficiency was determined by Equation (1).

E (%) = (C0 − Cf )
C0

× 100 (1)

where C0 is the initial ion concentration in the solution (mg·L−1)
and Cf is the ion concentration in the solution at time t (mg·L−1).

To fit the data and analyze the metal adsorption rate,
linear models of pseudo-first-order kinetics Equation (2), pseudo-
second-order kinetics Equation (3), and the Elovich kinetic
equation Equation (4) were used.

qt = qe × (
1 − e−k1×t) (2)

qt = qe2 × k2 × t
1 + qe × k2 × t

(3)

qt = 1
β
ln (1 + αβt ) (4)

where qt and qe represent the adsorption capacity at any time
and at equilibrium, respectively, in (mg·g−1); k1 is the pseudo-
first-order adsorption rate constant (min−1); k2 is the pseudo-
second-order adsorption rate constant (g·mg−1·min−1); α is the
initial adsorption rate (mg·g−1·min−1), and β is the adsorption
constant (mg·g−1).

To identify the actual rate-limiting step in the adsorption
separations, the intraparticle diffusion kinetic model (5) and the
Boyd Equations (6) and (7) were applied.

qt = Kd ∗ t0,5 + C (5)

where qt is the amount of metal adsorbed in the solid phase
(mg·g−1) at time t (min); Kd is the intraparticle diffusion coef-
ficient (mg·g−1·min0·5) obtained from the slope and C is the
intercept of the qt vs. t0·5 graph, representing the constant
related to diffusion resistance (mg·g−1).

F < 0, 85 : Bt =
(

√
π −

√
(π − (

π2F
3

)

)2

(6)

F > 0.85 : Bt = −0.49770 − ln (1 − F )

B = π2D
r2

(7)

where F is the ratio qt/qe; Bt is the mathematical function of F; D
is the effective diffusion coefficient (cm2·min−1); r is the particle
radius (cm); and B is the Boyd model constant (slope).

2.3.2. Adsorption Isotherm

The adsorption isotherms were determined to evaluate the
adsorbent’s efficiency. The tests were conducted in duplicates,
using 0.05 g of biomass with 10 mL of a lead solution at
a buffered pH of 5.5 with concentrations ranging from 10 to
700 mg.L−1 at the equilibrium time established by the kinetic test
under agitation at 150 rpm.

As in the kinetic method, after reaching the contact time, the
samples were filtered, and the concentrations were subsequently
determined by FAAS.

Adsorption isotherm models were applied to the experimen-
tal data using the nonlinear equations of Langmuir, Freundlich,
Temkin, and Sips, respectively according to the following equa-
tions:

qe = qmax × kL × cf
1 + kL × cf

(8)

qe = KF × Cf
1
n (9)

qe = RT
b
ln
(
KT × Cf

)
(10)

qe = qmax × kS × cf βs

1 + kS × cf βs
(11)
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where qe is the adsorption capacity at equilibrium (mg·g−1),
qmax is the theoretical monolayer capacity of the adsorbate on
the adsorbent (mg·g−1); Ce is the equilibrium ion concentration
in the solution (mg·L−1); KL is the Langmuir constant directly
related to the equilibrium constant (L·mg−1); KF is the Freundlich
constant ((mg·g−1)(L·mg−1)1/n); 1/n is the Freundlich adsorption
intensity constant; KT is the Temkin constant (L·mg−1); KS is the
Sips constant (L·mg−1); n is the surface heterogeneity factor of
the adsorbent; R is the universal gas constant (J·mol−1·K−1); T is
the temperature (K); and b is the adsorption heat (J·mol−1).

2.3.3. Adsorption Thermodynamics

The thermodynamic parameters estimated in this study include
the standard Gibbs free energy change (�G°) which is related
to the spontaneity of the adsorption process; the standard
entropy change (�S°), which is related to the disorder of the sys-
tem; and the standard enthalpy change (�H°), which indicates
whether the process absorbs heat (endothermic) or releases heat
(exothermic).

To calculate these thermodynamic parameters, three distinct
temperatures were used: 25 °C (ambient temperature), 15 °C, and
35 °C.

The calculations for determining the values of �G°, �H°, and
�S° were performed using the following linear equations:

�G◦ = �H◦ − T�S◦ (12)

�G◦ = −RTLn(K ) (13)

Ln (K ) = −�H◦

RT
+ �S◦

R
(14)

Kg = qe/Ce (15)

Ke0 = 1000.Kg.d (16)

3. Results and Discussions

3.1. Material Characterization

3.1.1. Point of Zero Charge (pHPZC)

Organic functional groups on the surface of the biosorbent can
acquire either a negative or positive charge depending on the
pH of the solution. At pH values higher than the pHPZC, the sites
will primarily be in the dissociated form and will acquire a nega-
tive charge. Conversely, at pH values lower than the pHpzc, these
groups will be in the protonated form resulting in a positive
charge.

For lead (II) ions (Pb2+), which are cations, it is essential that
the adsorbent surface is covered with negatively charged species
to promote the electrostatic attraction and removal of this metal.

Figure 1 depicts the graphical representation of the pHPZC of

Figure 1. pHpzc of the SST biosorbent.

the raw SST bioadsorbent. As shown in the figure, a constant pH
range between 5 and 8 is observed with an average final pH of
5.3, which is considered the pHPZC value. This value was adjusted
to a pH of 5.5 to enhance the adsorption of more soluble metal
ion compounds.

3.1.2. Scanning Electron Microscopy (SEM)

The images obtained from the scanning electron microscopy
(SEM) allow visualization of the morphology of the raw mate-
rial before and after contact. The micrographs are presented in
Figure 2, with magnifications of 75x (A and C) and 500x (B and
D), showing the material before and after the adsorption process,
respectively.

In the SEM images, the material exhibits roughness and
porosity, characteristics typical of fibrous plant materials. With
increased magnification, different shapes and sizes of pores
become apparent, generally originating from the cell wall struc-
ture of the precursor biomass. At 500x magnification, porous
spaces with surface irregularities and varying depths of porous
channels are clearly visible.

These characteristics are important for characterizing the
adsorbent, as they help identify the adsorption process. As high-
lighted by Barros,[22] the material’s surface is highly porous,
irregular, and heterogeneous—features that are advantageous
for the adsorption of metals in aqueous solutions. Adsorbed
components accumulate on the external surface, and a larger
surface area per unit mass enhances adsorption.

In Figures 2c,d, a brighter region on parts of the adsorbent’s
surface is visible, which may indicate the presence of adsorbed
Pb (II) ions at those points.

3.1.3. Fourier Transform Infrared Spectroscopy (FTIR)

Through Fourier-transform infrared spectroscopy (FTIR), it was
possible to characterize the reactive functional groups present in
the material, thereby enabling the investigation of the reaction
mechanism involved (Figure 3).[23]
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Figure 2. Scanning electron microscopy images of TSM: a) 75x before the adsorption process, b) 500x before the adsorption process, c) 75x after the
adsorption process, and d) 500x after the adsorption process.

Figure 3. Characterization of raw SST and post contact with Pb (II) ion.
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As observed in Figure 3, the peaks in both spectra at the
vibration frequency of 3337 cm−1 correspond to O-H and N-
H stretching, indicating the presence of hydroxyl groups and
amino groups from proteins, fatty acids, carbohydrates, and
lignin found in plants. The two smaller peaks at 2919 cm−1 and
2854 cm−1 correspond to asymmetric C-H vibrations of carbonyl
groups and the -OH stretch of carboxylic acids, respectively,
relating to the methyl groups in lignin and cellulose. The peaks
at 1741–1735 cm−1 are associated with C═O stretching vibrations,
which, along with the O–H observed at 3337 cm−1, justify the
presence of carboxylic acids. The peaks at 1458–1420 cm−1 corre-
spond to C–H, indicative of alkanes with bending vibrations that
may be related to angular vibrations of -CH3 and -CH2- groups.
A peak at 1234 cm−1 represents CO and OH stretching in-plane in
polysaccharides.[24]

Thus, through infrared analysis, it is possible to infer that
SST exhibits functional groups characteristic of lignocellulosic
materials.[25] C═O vibrational bonds in hemicelluloses and
extractive compounds such as esterified resin acids, waxes, and
fats[26] are present. The lower peaks at 896 and 1024 cm−1, related
to CH deformation in cellulose and CO stretching in polysac-
charides, fall within the “fingerprint” region and confirm the
presence of polysaccharides.[24]

Therefore, the FTIR spectrum characterizes the biomass as
lignocellulosic in origin, a component of dried plant material.
Lignocellulosic materials composed of cellulose, hemicellulose,
and lignin are abundant resources for energy and chemical
production.[27]

The presence of hydroxyl (–OH), carboxylic (–COOH), and
carbonyl (C═O) groups in the chemical structure of the bioad-
sorbent significantly contributes to interactions with metal
ions. These functional groups contain oxygen atoms with non-
bonding electron pairs capable of acting as electron donors,
thus facilitating electrostatic attractions, coordination complex
formation, or potential ion-exchange mechanisms with Pb (II)
ions. The FTIR analysis (Figure 3) revealed notable shifts in the
characteristics bands at 2919–2854, 1741–1735, and 1508 cm−1,
corresponding precisely to these functional groups, suggesting
potential involvement of these functional groups in the adsorp-
tion mechanism. Zolgharnein and Farahani[28] further explain
that a marked decrease in peak intensity confirms the interaction
between metal ions and oxygen atoms, reinforcing the potential
of the biomass as a promising material for the removal of toxic
metals from aqueous solutions.

3.2. Batch Adsorption Tests

3.2.1. Adsorption Kinetics

The adsorption rate, determined through the adsorption kinetics
study, was based on the determination of the adsorptive capac-
ity (qt) of SST in the liquid phase relative to the contact time (t)
with the Pb II adsorbate, as represented in the graph shown in
Figure 4.

Analyzing Figure 4, it is observed that the adsorption rate
reaches equilibrium around 30 min. Initially, the process occurs

Figure 4. Adsorption kinetics tested for Pb (II) ion removal under test
conditions: 25 °C, pH 5.5, 102 mg. L−1 , 100 rpm, and 0.05 g of SST adsorbent.

quite rapidly, but it slows down over time. The curve of the
models indicates that even at the early minutes, the adsorptive
capacity (qt) shows a significant reduction in the rate of Pb (II)
ions. According to Khan,[29] the higher adsorption rate in the ini-
tial stages may be due to the greater number of available sites
on the adsorbent surface.

The data in Figure 4 were fitted to the experimental data of
pseudo-first-order (PFO) and pseudo-second-order (PSO) adsorp-
tion kinetics models, as well as the nonlinear Elovich model. The
statistical parameters applied to the nonlinear regression model
fittings are presented in Table 1.

According to Figure 4 and the data in Table 1, it is possible
to observe a better fit with the Elovich model. Although initially
developed for gas adsorption on solid adsorbents, the Elovich
model adapts well to studies involving liquid-phase fluids.

The Elovich model demonstrated the best linear regression
data and error function, with an R2 value approaching unity and
the lowest SSE and chi2 errors compared to other models. Addi-
tionally, the maximum experimental capacity (qmax) and model
capacity (qmodel) values were very close.

The Elovich equation is generally applicable to chemisorp-
tion kinetics, as described by Olivares.[30] The Elovich model is
based on a general second-order reaction mechanism for the
adsorption process, assuming that the adsorbent’s active sites
are heterogeneous and exhibit varying activation energies for
chemisorption.

Thus, comparing the experimental data to the Elovich model
reveals that the adsorption process has predominant characteris-
tics of chemisorption. Furthermore, the high α value indicates a
high initial adsorption rate and suggests that the attraction of
the material occurs via a chemical pathway. The β value, rep-
resenting the extent of surface coverage and activation energy
involved, is low, indicating a rapid adsorption rate with minimal
activation energy required for the process.

To determine the rate-limiting step of the adsorption process
in the experiment, the Boyd intraparticle model was applied,
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Table 1. Kinetic parameters of the PFO, PSO, and Elovich models using SST as adsorbent.

Models Parameters

qmodel mg.g−1 qmax mg.g−1 R2 Adjusted χ2 SSE k1 g.mg−1 .min−1 α mg.g−1 .min−1 β mg.g−1

PFO 16.1097 18.6 0.9091 2.8093 19.6658 1.6831 – –

PSO 16.6545 18.6 0.9405 1.8390 12.8729 0.16141 – –

Elovich 18.2698 18.6 0.9873 0.3919 2.7430 – 2.33069x105 0.97508

Figure 5. Boyd’s Linear Intraparticle Diffusion Model for SST. Where BB is
the Boyd model constant (determined by the slope of the straight), D is
the coefficient for Boyd’s Effective Diffusion in cm2.min−1 and b is the
linear coefficient of the straight (intercept).

resulting in the Bt versus t (min) graph. The Boyd equations
described in section 2.3.1 were used to establish the analytical
parameters outlined in Figure 5.

According to the data presented, it is observed that the
graph does not pass through the origin. Therefore, the Boyd con-
stant is not zero, suggesting that the rate-limiting step of the
process is not intra-film diffusion (Yadav, 2023). Additionally, as
noted by El-Khaiary and Malash,[31] whether the graph is non-
linear or linear, if it does not intersect the origin, the rate-limiting
step may be film diffusion or chemical reaction.

With an R2 value close to unity, the model shows a favor-
able fit. Furthermore, since the b value of the linear equation
of the first line deviates from zero, it is possible that the rate-
limiting step is governed by external or intraparticle diffusion,
where there is a significant mass transfer of Pb (II) in the SST.

3.2.2. Adsorption Isotherm

The adsorption isotherm was evaluated based on the variation
in adsorptive capacity (qe) as a function of the equilibrium con-
centration of the adsorbate (Ce). Figure 6 shows the experimental
results for the adsorption of Pb (II) ions compared with the Lang-
muir, Freundlich, Temkin, and Sips models. According to Figure 6,
it is observed that the adsorptive capacity (qe) increases with the
concentration of the adsorbate (Ce), and equilibrium is reached
at a concentration of 100 mg.L−1.

The model that best fit the experimental data was the
Sips model, as shown in Figure 6. However, to justify the
adsorbent-adsorbate interactions, adsorption mechanisms, and
surface-related information, according to Lima[32] the statistical
parameters of the isotherms were determined using the linear
equations described in section 2.3.2 and are presented in Table 2.

Figure 6. Equilibrium isotherm models of Pb (II) ions to SST adsorbent,
until C0 = 175 mg. L−1 . Test conditions: 25 °C, pH 5.5, 60 min, 150 rpm e
0.05 g adsorbent.

Table 2. Statistical parameters calculated for adsorption isotherms applied
to the Langmuir, Freundlich, Temkin and Sips models.

Models Parameters

qmax.experimental

(mg.g−1)
46.0 R2

Adjusted
χ2 SSE

Langmuir qmax (mg·g −1) 52.57 0.894 25.4060 152.4

KL (L·mg−1) 0.02

Freundlich KF (mg·g −1)
(L·mg−1) 1/n

4.37 0.758 58.3360 350.0

1/n 0.45

N 2.18

Temkin KT (L·mg−1) 0.21 0.903 23.3511 140.1

b (J/mol) 12.47

Sips qmax (mg·g −1) 40.52 0.960 9.4309 47.1

KS (L·mg−1) 0.04

N 2.02

The maximum adsorptive capacity determined experimen-
tally was 46.0 mg·g−1, which is consistent with both the Lang-
muir and Sips models. However, considering the adjusted R2

value closest to unity and the lower error functions (χ 2 and SSE),
the Sips model demonstrates the best fit for the experiment.

In this regard, Aquareles[33] notes that the Sips isotherm has
the advantage of being more general than the Langmuir and
Freundlich isotherms, as it reduces to each of these models
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Table 3. Lignocellulosic bioadsorbents and maximum adsorption capaci-
ties with Pb (II).

Adsorbent qmax,exp (mg.g −1) Reference

Caryocar coriaceum WITTM barks 106.38 [36]

Raw Neem 17.96 [13]

Ziziphus joazeiro barks 58.3 [37]

Azadirachta indica A.Juss Seeds 17.96 [13]

Pepper seeds 48.0 [14]

Coriander seeds 19.76 [15]

Umbu Seed 46.0 This work

under certain limits and can be related to chemical reactions that
occur. Thus, the Sips model provides broader insights into the
interactions between the adsorbent and adsorbate, elucidating
the attractive or repulsive characteristics between them.

Additionally, the Sips model is associated with the ener-
getic heterogeneity of the adsorbent-adsorbate system, which
can arise from either the adsorbent, the adsorbate, or their
interaction.[34] By analyzing the parameter (n) and relating it to
heterogeneity, it is observed that when (n) approaches unity
(n = 1), it suggests that the system is energetically homoge-
neous. Conversely, if (n) deviates from 1, the adsorbent-adsorbate
system is energetically heterogeneous.[35]

In this case, with (n = 2.02), the system deviated from
unity, indicating that it is heterogeneous, which aligns with the
infrared data for SST.

According to the experimental data and the Sips mathe-
matical model, it can be inferred that the adsorbent-adsorbate
interactions on SST occur heterogeneously, meaning through
multilayers, and the system is considered multielemental.

Comparing the adsorption capacity of SST for Pb (II) to other
lignocellulosic materials of similar origin, such as biomass from
husks and seeds found in the literature, Table 3 highlights SST as
an excellent adsorbent for this metal, especially when compared
to bioadsorbents derived from seed residuals.

3.2.3. Adsorption Thermodynamics

The thermodynamic study provided insight into the effect of
temperature on the adsorption of Pb (II) ions by SST. The thermo-
dynamic parameters (�G, �H, and �S) were determined using
the equations described in section 2.3.3, utilizing the equilib-
rium constant (Kg) from Equation (15), where qe is the equilibrium
capacity (mg.g−1) and Ce is the equilibrium concentration of the
metal ions (mg.L−1).

Once the values of K are obtained, a correction must be
applied to make the constant dimensionless, as it will be used in
the natural logarithm function (Ln) within the van’t Hoff equa-
tion, which requires a dimensionless input. For this purpose,
Equation (16) from Section 2.3.3, as described by Lima et al.,[38]

should be used. In this equation: Kg is the constant obtained
from the isothermal models (L.mg−1); 1000 is the conversion fac-
tor from L.mg−1 to L.g−1; and d represents the density of water

Table 4. Thermodynamic Parameters determined from Figure 7b.

Temperature (°C) �G° (kJ.mol−1) �H° (kJ.mol−1) �S (J.mol−1 . K−1)

15 −36.90

25 −38.18 7.52 128.15

35 −39.46

(1000 g.L−1), assuming that the density of the adsorbate solution
is approximately equal to that of water.

In Figure 7a, an increase in adsorption capacity is observed
with rising temperature from 14.1 mg.g−1 at 15 °C to 16.36 mg.g−1

at 35 °C, indicating a positive enthalpy change (�H > 0),
confirming the process is endothermic, as presented in Table 4.

As highlighted by Ozsin,[39] the endothermic nature of
adsorption can be attributed to the increased mobility of
heavy metal ions and an enhanced diffusion rate of adsorbate
molecules through the external boundary layer and into the
internal pores of the adsorbent, due to a reduction in solution
viscosity.

The data presented in Table 4 were obtained using the
slope and intercept values from the linear regression line shown
in Figure 7b. As indicated by the results, Gibbs free energy
(�G°) decreases with increasing temperature and assumes neg-
ative values, indicating the spontaneous nature of the process.
Notably, the process becomes more thermodynamically favor-
able as the standard Gibbs free energy becomes more negative
with increasing temperature, regardless of the nature of the
adsorbent, suggesting enhanced efficiency in the adsorption
of Pb (II) at lower temperatures.[40,41] Furthermore, the posi-
tive value of �Sads indicates an increase in entropy at the
solid–liquid interface, suggesting structural changes in both the
adsorbate and the adsorbent,[42] which is consistent with the
findings from the FTIR analysis.

The nature of the adsorption process can be either chem-
ical or physical, depending on the interactions between the
binding sites. According to Azadian,[43] negative �G° values
suggest a physisorption mechanism. Additionally, Hasanzadeh
et al.[44] highlight that enthalpy values below 40 kJ.mol−1

indicate that the process does not require activation energy,
as physical adsorption involves attractive forces between
the adsorbent and the adsorbate. In this context, since the
experimental process was spontaneous—with a decrease
in the system’s free energy—and involved heat absorp-
tion (endothermic, �H° > 0) with enthalpy values below
40 kJ.mol−1, the adsorption mechanism reveals characteristics of
physisorption.

4. Conclusion

The present study demonstrated that SST biomass is an effective
bioadsorbent for the removal of lead Pb (II) ions from aqueous
solutions. Based on batch adsorption experiments, the material
reached a maximum adsorption capacity of 46.0 mg·g−1. When
compared to other bioadsorbents reported in the literature, SST
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(a) (b)

Figure 7. Linear modeling for the determination of �G, �H, and �S for Pb (II) ions in contact with SST under the conditions of 15 °C, 25 °C, and 35 °C, at
60 min, 150 rpm, and pH 5.5.

biomass showed competitive efficiency particularly among seed-
derived lignocellulosic materials.

Structural characterization by FTIR and SEM confirmed the
lignocellulosic nature of the adsorbent, revealing the presence
of cellulose, hemicellulose, and lignin as well as a porous and
irregular surface that enhances its adsorption capacity.

Kinetic studies indicated that the Pb (II) adsorption process is
relatively fast, reaching equilibrium within approximately 30 min.
Among the tested models, the Elovich model showed the best
fit, suggesting a possible chemisorption. The Boyd model indi-
cated that the rate-limiting step is governed by external (film)
diffusion.

The equilibrium data were best described by the Sips
isotherm model, which is consistent with the observed sur-
face heterogeneity. Thermodynamic analysis revealed that the
adsorption process is spontaneous, endothermic, and accompa-
nied by increased system disorder, with characteristics compati-
ble with physisorption.

Overall, SST biomass proved to be a promising, sustain-
able, and low-cost material for the removal of toxic metals
from contaminated water, contributing to the advancement of
environmentally friendly technologies and supporting circular
economy practices in effluent treatment.
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