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Study of the Biosorptive Capacity of Avocado Seed
(Persea americana) for the Removal of Lead (ll) from
Aqueous Solutions
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and Golber Rojas Yauri “*' 2

Ground avocado seeds (Persea americana) were evaluated as an
adsorbent material for lead (ll) ions present in contaminated water. An
experimental study was conducted using a 42 factorial design to determine
how particle diameters (425 and 125 pm) and the initial metal
concentrations (48.8, 195.8, 346.3, and 494.5 mg/L) affect the retention
capacities of the biosorbent. Through FTIR spectroscopy, several
chemical groups (—OH, —C=0, —NH,, and —COOH) were identified in the
biomass. The adsorption capacity was 74.4 mg/g at an initial concentration
of 494.5 mg/L, a pH of 4.5, and a particle size diameter of 125 ym, whereas
the results obtained with a diameter of 425 um were lower. The data fitted
to the Langmuir model with an R? value of 0.9904. This is consistent with
an equilibrium description based on homogeneous sites, with a maximum
capacity of 73.0 mg/g. Regarding the process rate, the pseudo-second-
order kinetic model produced an R? value of 0.9474, providing the best fit.
It was concluded that avocado seeds constitute a low-cost biosorbent with
suitable performance for the removal of lead (ll) from contaminated water,
representing a sustainable technique for the treatment of heavy-metal
containing effluents.
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INTRODUCTION

The presence of heavy metals in water bodies has become one of the growing
environmental problems in recent years, with significant impacts on both ecosystem and
human health. Their occurrence has been reported across different geographical locations.
Heavy metals such as lead (II) pose severe toxicity risks in their divalent state and are prone
to bioaccumulation in living organisms. Its effects are dose-dependent and have been
associated with cardiovascular and renal disorders. Contamination of water sources results
from mining and urbanization; therefore, low-cost solutions are being sought to mitigate
this problem. The presence of heavy metals in water bodies has become a major
environmental concern, particularly when considering conventional water-quality
parameters, heavy metal contamination, and sediment pollution (Islam 2026). Water
pollution can be further aggravated by turning surface and groundwater sources into
resources that require more intensive treatment, alternative sources, or restrictions on use
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(Paramanik 2026). Lead (Pb) is a neurotoxic metal that can leach into drinking water from
plumbing components, highlighting the need to guide strategies aimed at reducing its
presence in low- and middle-income countries (Roy et al. 2025). Toxic metals and
metalloids can pose a serious threat to human health due to their ubiquitous occurrence
(Huang et al. 2024).

Water containing heavy metals can be treated through processes such as chemical
precipitation and ion exchange, as well as through the use of sophisticated equipment and
adsorption techniques involving activated carbon. However, these approaches may
represent economic barriers in resource-limited settings, directly affecting communities in
developing countries. Approximately 50% of the world’s population faces severe water
scarcity during at least part of the year, together with widespread water contamination by
various toxic chemicals, including heavy metals and metalloids, posing a significant threat
to human and environmental health (Li ez al. 2025). The presence of heavy metals in liquid
matrices and their harmful effects on human health remain a major concern (Anbesa ef al.
2026). Inland freshwater bodies, such as rivers, lakes, and reservoirs, provide a wide range
of essential ecosystem services, including drinking-water supply and habitat for aquatic
biota, while also supporting various economic activities (Li et al. 2026). Organic waste
represents a growing challenge, and its reuse has emerged as an imperative need as well as
a necessary alternative from both economic and ecological perspectives (Ungureanu et al.
2024).

Avocado seed is a by-product generated in tropical regions and is rich in functional
groups capable of interacting with metal cations. Numerous plant-derived residues have
been investigated for the capture of heavy metals; however, thorough characterization is
required to assess their potential as materials for lead (II) removal. Heavy metal
contamination remains a major environmental concern. Among these pollutants, lead
(Pb*") is one of the most hazardous toxic metals released into the environment through
mining, smelting, fossil fuel combustion, battery manufacturing, and other industrial and
urban activities (Vera-Marmanillo et al. 2026). The adsorption process for metal removal
can be carried out using either batch systems or fixed-bed columns, each of which has
different characteristics. Fixed-bed columns are generally more efficient than batch
systems for certain contaminants (Cardoso ef al. 2025). Heavy metals originating from both
natural sources, such as mining and volcanic activity, and anthropogenic activities pose
serious threats to both human populations and ecosystems (Hira et al. 2025).

Conventional water-treatment methods, including ion exchange, chemical
precipitation, membrane filtration, and electrochemical treatment, are often highly
effective for removing heavy metals from water (Jjagwe et al. 2026). Effective solutions
require rapid, science-based evidences. However, escalating groundwater dependence and
population growth continue to worsen the situation (Sharma et al. 2024).

MATERIAL AND METHODS

Biomass Preparation and Conditioning

Avocado seeds were collected in the city of Huanta and subjected to washing and
air-drying at an ambient temperature of 22 °C for 6 days, with a moisture content of 4.7 %.
Once dried, the seeds were ground using a traditional mill and sieved to obtain particle
sizes of 425 pm and 125 pm, to an initial concentration of 494.5 mg/g. The adsorption
behavior conforms to the Langmuir isotherm and a pseudo-second-order kinetic model,
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suggesting that the process is primarily governed by surface interactions (Dong et al. 2026;
Molla et al. 2026).

Characterization Methods

The various functional groups in the biomass obtained from avocado seeds were
characterized using Fourier transform infrared (FTIR) spectroscopy. Other analytical
techniques used included proximate and ultimate analyses, Brunauer Emmett Teller (BET)
surface area and pore size measurements, scanning electron microscopy (SEM), Energy
Dispersive X-ray Spectroscopy (EDS), and batch adsorption experiments.

Biomass preparation was carried out at the physics laboratory of the National
Autonomous University of Huanta, while FTIR and SEM analyses were performed in the
city of Huancayo Laboratory Slab, National University of Central Peru, using the following
equipment: a Shimadzu FTIR spectrophotometer (Model 8400s), a Perkin Elmer
spectrophotometer (Model 1600), a Micromeritics BET analyzer (Model GEMINI VII
2390), and a scanning electron microscope (SEM, Model EVO 10Z6).

The mathematical equations for the Langmuir, Freundlich, pseudo-first-order
(PFO), and pseudo-second-order (PSO) models are presented. Furthermore, all variables
in each equation (such as ge, Ce, gmax, b, Kr, 1/n, q:, k1, and k2) have been clearly defined:
where g. is the amount of metal adsorbed per unit mass of adsorbent at equilibrium (mg/g),
Ce1s the equilibrium concentration of the metal in the solution (mg/L), gmax is the maximum
monolayer adsorption capacity (mg/g), b is the Langmuir constant related to the affinity of
the binding sites (L/mg), Kr is the Freundlich constant indicative of the adsorption
capacity, and 1/ is the heterogeneity factor.

RESULTS AND DISCUSSION

Avocado Seed Particles
Fourier transform infrared spectroscopy

The FTIR spectrum of sample S-4272 exhibited a characteristic carbonyl (C=0)
band at 1720 cm™, indicating a high concentration of ketones and carboxylic acids. A broad
and pronounced absorbance band was observed between 3400 and 3240 cm™, suggesting
strong interactions associated with hydroxyl and amino groups. Additional bands were
identified at 2920 cm™, corresponding to C—H stretching vibrations, and at 1620 cm™,
associated with N—H vibrations, confirming the presence of amine or amide groups in this
spectral region.

The functional groups —OH, —C=0, —NH:, and -COOH present in the biomass
could participate in the binding of metal ions, facilitating adsorption. FTIR spectroscopy
has had a significant impact on scientific research and has been applied in a wide range of
analytical applications (Giraldo and Marin 2025). Reflectance FTIR has also been used as
a rapid technique for classifying grain samples, followed by the development of
classification models capable of optimally preserving essential spectral characteristics (He
et al. 2026). Water-treatment methods, including ion exchange, have been used as
accessible approaches for the removal of heavy metals from water (Jjagwe et al. 2026).
Lead (II) can leach into water from components of different installations, highlighting the
need for environmentally friendly strategies to reduce its presence, particularly in low- and
middle-income countries (Roy et al. 2025).
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Fig. 1. FTIR infrared spectrum of the avocado seed sample

Figure 1 compares some selected band intensities in an avocado seed specimen.
Although an absolute concentration cannot be determined without a calibration curve or
absorbance data, the broad and intense band at 3400 cm™ (O-H), together with the
contribution at 3240 cm™ (N-H), indicates a high abundance of polar groups (hydroxyl
and amine groups). These bands exhibit greater intensity than the aliphatic C—H band at
2920 cm™', suggesting a structure that is rich in oxygen or nitrogen-containing poses. The
intense and sharp band at 1720 cm™ (C=0) reveals an appreciable amount of carbonyl
groups (esters, acids, or ketones), while the band at 1620 cm™ (N-H bending or C=C)
confirms the presence of amides or unsaturated groups.

Influence of Particle Size

The effect of four particle sizes (PS) of the biomass 425, 300, 250, and 125 um,
were examined. The adsorption process used for different PS sizes followed the Langmuir
isotherm model and is a spontaneous and exothermic reaction (Wang et al. 2025). Lead (1)
retention was evaluated using a solution volume of 0.1 L, an agitation time of 3 h, a stirring
speed of 400 rpm, a dose of 0.2 g, and a pH of 4.5. The results revealed an inverse
relationship between particle diameter and adsorption capacity. The highest value, 74.4
mg/g, was achieved with the finest particle size of 125 um and the highest initial
concentration of 494.5 mg/L, whereas the 425 pum particles yielded the lowest values.
Considering particle size distribution increases the accuracy and prediction speed of the
integrated model for adsorbent adsorption behavior, allowing the model to demonstrate

strong application potential in the simulation and prediction of fixed-bed adsorption (Zhang
and Shu 2025).
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Adsorption capacity varied according to particle size. Experimentally obtained
adsorption parameters can be used in water-quality models that consider the effects of
adsorption processes in sediments. Sediment particles with D < 500 um had adsorption
capacities that ranged from 0.15 to 0.47 mg-g”', showing a negative exponential
relationship. Kinetic adsorption data for most sediment fractions (D < 250 um) were
closely distributed and exhibited a consistent linear trend, allowing unified kinetic
adsorption parameters to be determined for non-uniform sediments under different S
values: k1 = 0.257 L'-mg"-h™" and A2 = 0.057 h™* (Xia ef al. 2026). Ammonia adsorption
and its subsequent conversion to NH4" were also observed (Reus ef al. 2026).

Influence of the Initial Lead (ll) Concentration

As the temperature increased at the inflection point, the capacity reached its
maximum; the heat of adsorption fluctuated but never dropped to zero, indicating that the
heat release induced by physisorption continued to trigger oxidative reactions (Zhang et al.
2026).

To begin, lead ion concentrations of 48.8, 195.8, 346.3, and 494.5 mg/L. were
evaluated using a seed particle size of 125 um, a pH of 4.5, a dose of 0.18 g, a contact time
of 3 h, and an agitation speed of 400 rpm. It was found that the amount adsorbed at
equilibrium (ge) increased with the initial metal concentration, reaching a maximum value
of 74.4 mg/g at the highest concentration tested. This trend is attributed to the increased
driving force resulting from the concentration gradient, which facilitates the transport of
ions toward the adsorbent surface. The upward trend of the curve suggests that, within the
studied range, complete saturation of the biomass had not yet been reached. These opposing
trends mechanistically highlight the trade-off between surface functionality and porosity
(Abu-Shareha et al. 2026).

Lead (IT) removal reached 54% and subsequently decreased as the monovalent-to-
divalent element ratio increased, indicating that dissolved monovalent and divalent cations
altered the effective ionic strength of the solution and, consequently, suppressed lead (II)
removal. The effect on the maximum adsorption capacity (mg-g') depended on the
biomass content (An et al. 2026).

Scanning Electron Microscopic Analysis

The findings from SEM revealed a heterogeneous matrix with a relatively uniform
particle distribution and two clearly differentiated phases. The presence of a bright central
core indicated a higher atomic number or greater density, while a gray surrounding region
with sizes reaching approximately 40 pum was also observed. In the context of avocado
seed adsorption, the surface exhibited a heterogeneous morphology. The bright phase
indicated the presence of organic compounds, whereas the gray phase corresponded to a
carbonaceous organic matrix. The absence of agglomeration suggests an accessible
surface, which favors the adsorption of contaminants or ions by increasing interparticle
porosity and the availability of adsorption sites, confirming the potential of avocado seed
biomass as an adsorbent.

In Fig. 2, the use of backscattered electron (BSE) mode means that the image
highlights contrasts based on atomic number. Thus, the results suggest that the observed
pores were bounded by phases with different chemical compositions. However, no
numerical values were provided for pore size, surface area, percentage porosity, size
distribution, or density.
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Heavy-metal-contaminated water can be treated using adsorption techniques;
however, these methods may impose economic barriers in resource-limited settings,
directly affecting communities in developing countries (Li et al. 2025). The reuse of waste
materials has emerged as a necessary alternative from both economic and ecological
perspectives (Ungureanu et al. 2024).

SEM Micrograph
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Fig. 2. SEM micrograph of the avocado seed particle

Energy Dispersive X-ray Spectroscopic Analysis

The EDS spectrum quantified the surface composition of the avocado biomass,
confirming the nature of the material and its contribution to the porous structure and surface
area involved in physical adsorption. The mineral-associated elements present in the
biomass may act as active adsorption sites through ion-exchange mechanisms. The results
indicate that the biomass surface contains a high density of heterogeneous active sites,
which enhances its adsorption capacity and favors metal retention and ion-exchange
processes.

The quantitative data show maximum intensity peaks at 4.0 keV (100 cps) and 8.5
keV (60 cps), indicating that the predominant element in the sample is the one generating
the signal at 4.0 keV, followed by the element corresponding to 8.5 keV. In contrast,
intensities below 30 cps at energies such as 1.5, 2.0, 3.0, and 5.5 keV suggest the presence
of minor or trace elements, these values only allow a relative comparison of abundance
rather than the determination of absolute concentrations.
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Fig. 3. EDS spectrum of the avocado seed sample

Avocado seed is a by-product generated in tropical regions and is rich in functional
groups capable of interacting with metal cations, while heavy metal contamination remains
a major environmental concern. Among these contaminants, lead (II) is of particular
importance (Vera-Marmanillo et al. 2026). Adsorption processes are used for metal
removal on surfaces with different physicochemical characteristics (Cardoso et al. 2025).
Heavy metals pose serious threats to both human populations and ecosystems (Hira et al.
2025).

Particle Size Distribution Analysis

The plot of adsorption as a function of mean particle size showed a negative linear
relationship (R? = 0.983, slope = -1.33). As the particle size increased from 4.5 um to 15
um, the adsorption capacity decreased significantly from 50 to 35 mg/g indicating that
intraparticle diffusion was a rate-limiting step.

The particle size distribution analysis revealed a mean diameter of 4.2 um and a
median of 3.6 um, following a log-normal distribution. This indicates that most particles
exhibited a relatively homogeneous size distribution. Since the median was lower than the
mean, the distribution showed positive skewness, with a predominance of fine particles
ranging from 2 to 5 um. This particle size range was favorable for adsorption because, as
particle size decreases, the surface area per unit mass increases, providing a greater number
of active sites available for contaminant adsorption. Particles ranging from 15 to 20 pm,
with an internal porous structure, also contributed to adsorption capacity through
intraparticle diffusion. Therefore, ground avocado seed biomass with an accessible surface
area exhibited greater adsorption efficiency, as particle size maximized contact between
the adsorbent and the adsorbate in the aqueous solution.
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Adsorption as a Function of Particle Size Fractions
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Fig. 4. Adsorption as a function of particle size fractions and adsorption capacity
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Fig. 5. Particle size distribution of avocado seed biomass

The quantitative data indicate that the particle size distribution followed a log-
normal fit, with a mean of 4.2 um and a median of 3.7 um, revealing positive skewness (a
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tail toward larger particles, since the mean exceeds the median), which is typical of
grinding or precipitation processes. The probability density indicates that most particles
were concentrated between 2 and 6 pum, with a moderate skew toward finer fractions.
However, without values for the standard deviation, interquartile range, or cumulative
percentage, it is not possible to quantify the dispersion or determine the percentage of
particles outside this range.

ADSORPTION ISOTHERMS

Langmuir Model

Classical adsorption isotherms, such as the Langmuir and Freundlich isotherms, are
used for aqueous adsorption studies; however, these models do not consider temperature
effects (Acharya et al. 2026). The Langmuir isotherm is based on an assumption of
individual ion adsorption onto homogeneous, non-interacting sites. The linearized plot of
Ce/qe versus Ce (Fig. 5) the analysis of the linearized Langmuir form (Ce/ge vs. Ce) yielded
an R? value of 0.9904, which supports the validity of the assumptions. Initial pollutant
concentration, pH, temperature, and contact time, were systematically investigated to
determine the optimal adsorption conditions (Aseeri ef al. 2026).

Linearized Langmuir Isotherm
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Fig. 6. Langmuir Isotherm and Linearized Langmuir Isotherm

The conventional Langmuir isotherm equation assumes an idealized homogeneous
pore surface, making it insufficient to describe structure-dependent adsorption (Abu-
Shareha et al. 2026).

Freundlich Model
The Freundlich isotherm has been known for more than a century for describing
various adsorption conditions and is essential for the rational development of materials and
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processes for adsorption applications, many of which are important for the transition
toward sustainability (Christensen 2026).

The Freundlich isotherm, an empirical model that is interpreted as a description of
multilayer adsorption on heterogeneous surfaces, was evaluated using the linear plot of
logge versus logCe (Fig. 6). The coefficient of determination, R* = 0.829, was found to be
lower than that obtained with the previous model. The calculated parameters were KF =
58.7 mg/g and n = 28.6. Although the value of n > 1 indicates favorable adsorption
conditions, the lower R? suggests that this model does not adequately fit the experimental
data. Each model was simultaneously fitted to the data at the three temperatures using a
two-step parameter estimation procedure combining differential evolution and
optimization (Chu and Hashim 2026).
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Fig. 7. Freundlich Isotherm, Linearized Freundlich Isotherm and Langmuir vs. Freundlich
Comparison

Adsorption isotherms such as Langmuir and Freundlich are used for aqueous
adsorption; however, these models do not consider temperature effects and operate using a
mathematical equation (Abu-Shareha et al. 2026).

Comparison of Models

The adsorption behavior was then interpreted in terms of ideal and non-ideal
adsorptions to provide a thermodynamic perspective for understanding the model
parameters (Lan ef al. 2026). When comparing both models, it is evident that the Langmuir
model (R? = 0.9904) described the system more accurately than the Freundlich model (R?
= 0.829). This indicates that the uptake of lead (II) by avocado seeds is consistent with
monolayer adsorption onto active sites with similar energy levels. The experimental g.
values of 26.8, 58.2, 65.1, and 74.4 mg/g were closer to the Langmuir predictions of 4.4,
66.1, 70.1, and 71.1 mg/g than to the Freundlich predictions of 57.7, 68.8, 71.0, and 72.2
mg/g, reinforcing the suitability of the former. Subsequently, a mathematical model was
developed using the Langmuir—Freundlich equation to predict adsorption (Abu-Shareha et
al. 2026).
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Adsorption Kinetics
Equilibrium time

The kinetic analysis was performed using an initial concentration of 494.5 mg/L, a
particle size of 125 um, a pH of 4.5, an adsorbent dose of 0.18 g, and an agitation speed of
400 rpm. A rapid increase in adsorption was observed during the first 20 min, reaching a
value of 23.7 mg/g, after which it stabilized at approximately 24.0 mg/g up to 240 min.
Equilibrium was reached at approximately 50 min, with no notable variations thereafter.
The rapid initial phase is attributed to the abundance of available active sites on the external
surface of the biosorbent.

Pseudo-first-order model

The linearized pseudo-first-order equation (log(ge — g:) vs. t) yielded an R? of 0.813,
with k&1 = 0.00714 min™" and a theoretical ge of 150.6 mg/g (Fig. 7). The low coefficient of
determination indicates that this model did not adequately represent the temporal evolution
of the process.

Pseudo-First-Order Kinetics (Non-linear) Linearized PFO Model
——————————————————————————————— 211 o @ Lineanzed data
140 4 ° = Linear fit A¢ = 0.8130
2.0 4
120 -, o lugtqfqd=lngqu§}33t
. |k = 0.00714 min~? 3
£
100 18 &
— = ;
53
o &
g 807 °® ) 174 s
E = S
— ™ =
T w0 2 16 3
=
e —_— 4
J =
40 q't:Qe[l—e_m] 15
R? = 0.8130
204 @ Experimental data 141
— PFO:ge = 150.59 mgfg. k= 0.00714 min~*
0 === Theoretical . = 150.59 mg/g 134
0 50 100 150 200 250 0 50 100 150 200 250
Time, t {min) Time, t {min)

Fig. 8. Pseudo first order Kinetics and Linearized Model
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Pseudo-second-order model

In contrast, the pseudo-second-order model (#/g: vs. t) showed an R? of 0.9474,
considerably higher than that of the previous model (Fig. 8). The obtained parameters were
k2= 8.5 g/(mg-min) and g = 200 mg/g.

Elovich and intraparticle diffusion models

The Elovich and intraparticle diffusion models yielded R? coefficients of 0.9565
and 0.9585, respectively. This can be attributed to the fact that lead(Il) adsorption involves
migration of the adsorbate into internal pores.

The presence of heavy metals in water bodies has become a major environmental
concern, particularly when considering conventional water-quality parameters, heavy
metal contamination, and sediment pollution (Islam 2026). Water contamination can
become even more severe when surface and groundwater sources require increasingly
intensive treatment before use (Paramanik 2026). Lead (Pb) is a neurotoxic metal that can
leach into drinking water, highlighting the need to develop and implement strategies aimed
at reducing its presence (Roy et al. 2025).

Table 1 compares the present results with those of two other recent studies. As
shown, the results were in a similar range.

Table 1. Comparison of the Determined Maximum Adsorption Capacity with
Recent Studies

Maximum Adsorption

Study Biomass Particle Size Capacity for Pb(Il)

Avocado seed

The present study (2026) (Persea americana) 125 t0 425 pm 72.9 mg/g
Cardoso et al. (2025) ?gggg;;igﬁgra) 10510297 ym | 79.2 mg/g
Ungureanu et al. (2024) Apple residue after Not confirmed 48.6 mg/g

extraction

CONCLUSIONS

1. The powder of avocado seed (Persea americana) proved to be an effective and low-
cost biosorbent for the removal of lead (II), reaching a maximum adsorption capacity
of 74.4 mg/g at a particle size of 125 um, pH 4.5, and an initial concentration of 494.5
mg/L.

2. The functional groups identified by Fourier transform infrared (FTIR) measurements
could participate in the binding of metal ions, which is strictly consistent with the
findings of the present study.

3. The adsorption process fitted the Langmuir model (R*> = 0.9904) and the pseudo-
second-order kinetic model (R*=10.9474). It is concluded that this biosorbent represents
a sustainable alternative for the treatment of lead-contaminated water.
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