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Abstract

This research investigates the adsorption mechanism of heavy metals (Cu, Pb, Fe and Zn) using activated carbon
derived from Hydrilla verticillata, addressing the critical issue of water pollution caused by heavy metals, which pose
significant environmental and health risks due to their persistence and toxicity. The study outlines the preparation process
of the activated carbon, which involves washing, drying, carbonization, chemical activation and hydrothermal treatment.
Characterization through SEM, EDX, XRD and FTIR analyses confirms the presence of functional groups and an
amorphous structure conducive to adsorption. Adsorption tests reveal that H. verticillata-derived activated carbon shows
high removal efficiency, especially for lead (Pb), with optimal adsorption capacities achieved within 120 min. The
adsorption performance is attributed to a combination of physical adsorption, due to the microporous structure and large
surface area, and chemical adsorption, facilitated by functional groups on the carbon surface. This study demonstrates
that H. verticillata-derived activated carbon is a viable, cost-effective and environmentally friendly alternative to
traditional adsorbents for heavy metal removal from water, with potential applications in sustainable water treatment
solutions.

Keywords: Activated carbon, Hydrilla verticillata, Heavy metal adsorption, Water pollution, Surface morphology,
Adsorption mechanism, Sustainable adsorbent

Introduction

Water pollution remains one of the most pressing
environmental challenges of our time, with profound
consequences for ecosystems and human health [1].
Heavy metals, including copper (Cu), lead (Pb), iron
(Fe) and zinc (Zn), are particularly concerning due to
their persistence and toxicity [2]. Unlike organic
contaminants, which can degrade over time, heavy
metals do not break down and can accumulate in water
bodies, sediments and biological organisms. This
persistence allows even trace amounts to pose
significant risks, especially as these metals biomagnify
through the food chain, amplifying their effects at each
trophic level [3].

The sources of heavy metal pollution are varied,
encompassing both natural processes and anthropogenic
activities. Naturally, heavy metals can leach into water

bodies from mineral deposits and volcanic activity [4].
However, human activities have significantly
exacerbated the problem. Mining operations, for
example, can lead to acid mine drainage, releasing high
concentrations of heavy metals into rivers and streams
[5]. Similarly, industrial discharges from metal plating,
battery manufacturing and electronics industries
contribute substantially to heavy metal contamination.
Agricultural runoff and improper waste disposal further
compound the issue, leading to widespread
environmental and health concerns [6].

The presence of heavy metals in water has severe
implications for both aquatic ecosystems and human
health. In aquatic environments, heavy metals can
disrupt reproductive, nervous and immune systems of
fish and other organisms, leading to reduced
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biodiversity and altered ecosystem dynamics [3]. The
accumulation of these metals in aquatic organisms not
only affects their health but also poses risks to predators,
including birds and mammals, that rely on these
organisms for food [7]. This biomagnification process
results in higher concentrations of heavy metals at each
trophic level, exacerbating the impact on entire
ecosystems.

Human health is equally at risk from heavy metal
contamination. Consuming water contaminated with
metals such as lead can lead to serious health issues,
particularly in children, including neurodevelopmental
disorders and learning disabilities [8]. In adults, lead
exposure is associated with cardiovascular problems and
kidney damage [2]. Copper, while essential in trace
amounts, can cause gastrointestinal distress and liver
damage at higher concentrations [9]. Excessive zinc
intake can lead to stomach cramps and interfere with the
absorption of other essential minerals [10]. Thus,
effective removal of heavy metals from contaminated
water is crucial for protecting public health.

Addressing heavy metal contamination requires
effective and sustainable solutions. Traditional
adsorbents, such as activated carbon derived from coal
[11], peat [12] and wood [13], have been widely used
due to their high surface area and adsorption capacity.
These materials have demonstrated significant
effectiveness in removing metals like lead and copper.
However, their high cost and environmental impact
drive the search for more sustainable alternatives.
Recent research has focused on utilizing agricultural and
industrial by-products as low-cost adsorbents such as
rice husks, sawdust and coconut shells have shown
promise, achieving comparable or superior performance
to conventional activated carbon [14,15].

Despite advancements with these alternative
adsorbents, there are still notable gaps in the research,
particularly regarding specific plant-based materials
[16]. One such material is H. verticillata, an invasive
aquatic plant [17]. While plant-derived activated
carbons have shown potential, research on H.
verticillata remains limited. Investigating this plant’s
potential for producing activated carbon and
understanding its adsorption mechanisms could provide
valuable insights and address the need for more
sustainable water treatment solutions.

The primary aim of this research is to evaluate the
adsorption capabilities of activated carbon derived from
H. verticillata for removing heavy metals such as
copper, lead, iron and zinc from aqueous solutions. This
study seeks to assess the effectiveness of this plant-
based activated carbon in capturing and immobilizing
heavy metal ions, thus reducing their concentration in
contaminated water. By exploring the adsorption
performance of H. verticillata-derived activated carbon,
we aim to establish its potential as a cost-effective and
environmentally friendly alternative to traditional
adsorbents.

Understanding the adsorption mechanism is
crucial for optimizing the use of H. verticillata-derived
activated carbon in practical applications. The
adsorption process involves complex interactions
between the adsorbent’s surface and the heavy metal
ions, influenced by factors such as surface area, pore
structure and functional groups. Elucidating these
mechanisms will enhance our ability to improve the
performance and selectivity of the adsorbent.
Furthermore, determining the effect of varying
adsorption  times is essential for practical
implementation, as adsorption efficiency can vary with
time. By examining how adsorption capacity changes
over intervals of 15, 30, 45, 60, 90 and 120 min, this
study aims to identify optimal contact times for
maximum heavy metal removal, balancing efficiency
with operational considerations.

The significance of this research extends beyond
academic interest, addressing urgent environmental and
public health concerns. Effective removal of heavy
metals is critical for safeguarding ecosystems and
human health. H. verticillata, as an invasive species,
offers an environmentally beneficial use when
converted into activated carbon, transforming a
problematic plant into a valuable resource for pollution
mitigation. By advancing our understanding of its
adsorption capabilities and mechanisms, this research
contributes to the development of sustainable water
treatment solutions, supporting the global effort to
ensure clean and safe water for all.
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Materials and method

H. verticillata-derived  activated carbon
preparation

H. verticillata plants were washed, sun-dried and
carbonized at 300 °C for 1 h. To ensure complete drying,
the samples were monitored for moisture content using
a moisture analyzer until no further weight loss was
observed. The resulting char was ground and sieved
through a 200 mesh sieve. The powder underwent
chemical activation by soaking in 1 M HCI at a 1:10
(w/v) ratio for 4 h, followed by treatment with 1 M
NaOH and washing with distilled water until neutral pH
was achieved. It was then dried at 105 °C for 3 h.
Hydrothermal treatment was performed at 180 °C for 12
h, after which the product was filtered and dried again at
105 °C for 4 h to produce activated carbon.

Characterization

The surface morphology of the H. verticillata-
derived activated carbon was examined using Scanning
Electron Microscopy (SEM) JEOL 6510LV. Raman
spectroscopy was conducted using a Fourier Transform
Infrared (FTIR) Spectrometer, specifically the Agilent
Cary 670, operating within the spectral range of 9,000 -
375 cm™. To confirm the amorphous nature of the
activated carbon structure, X-ray Diffraction (XRD)
analysis was performed using a Bruker D8 Advance
diffractometer. The specific surface area, pore diameter
and total pore volume of the activated carbon were
determined using a surface area analyzer (SAA), the
Quantachrome Novatouch LX4.

Adsorption test

Heavy metal solutions (Cu, Pb, Fe and Zn) were
prepared using distilled water and pro-analysis grade
reagents from Merck. The preparation process for these
solutions is detailed in the supplementary data to ensure
reproducibility and to address any queries about their
similarity to solutions from public water systems. The
adsorption tests were carried out by adding 0.5 g of H.
verticillata-derived activated carbon powder to 100 mL
of each heavy metal solution. The mixtures were placed
on a rotary shaker set to 300 rpm. Adsorption
experiments were conducted at varying contact times:
15, 30, 45, 60, 90 and 120 min. At each time interval,
samples were withdrawn to analyze the remaining
concentration of heavy metals in the solution and

determine the adsorption efficiency of the activated
carbon. After each experimental time interval, the
adsorbent was separated from the metal solution using a
centrifuge set to 4,000 rpm for 10 min, resulting in an
adsorbent precipitate. The concentration of heavy
metals in the solution was then measured using Atomic
Absorption Spectroscopy (AAS) with an Innotech IFX-
310320 spectrometer. The adsorption capacity (q),
expressed in mg/g and the percentage of adsorption (g,
) were calculated using Egs. (1) and (2) [18]. In these
equations, C, represents the initial concentration of
metal ions in the solution (mg/L), V is the volume of the
solution (L), C; is the concentration of metal ions at
equilibrium (mg/L), and W is the mass of the adsorbent
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Results and discussion

Surface morphology

Figure 1(A) illustrates the SEM image of the
activated carbon before hydrothermal treatment. The
surface morphology is characterized by a rough and
undulating structure, indicating a highly irregular
surface. This irregularity likely enhances adsorption
processes by increasing the available surface area. The
structure shows partial adhesion and overlapping of
carbon particles, suggesting aggregation. The
disordered grain structure further contributes to the
complex surface topology, which is associated with
enhanced adsorption capacities due to the increased
availability of active sites.

Figure 1(B) presents the EDX spectrum of the
pre-hydrothermal sample, revealing a carbon content of
88.73 % by mass. This high carbon content suggests the
predominance of carbon, which is essential for
adsorption. The minimal presence of other elements
indicates low impurity levels, advantageous for
maintaining high adsorption efficiency. Figure 1(C)
shows the SEM image of the activated carbon after
hydrothermal treatment. The surface morphology
exhibits significant changes, appearing relatively
smoother with a more uniform texture [19]. This
suggests that the hydrothermal process has modified the
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surface structure, potentially enhancing adsorption
capabilities by uniformly exposing more active sites.
The particle diameters are smaller and more consistent,
reflecting reduced size heterogeneity. Additionally, the
grain orientation is more organized, with a mesh-like
structure that facilitates better interaction with heavy
metal ions due to increased regularity and accessibility
of adsorption sites.

Figure 1(D) presents the EDX spectrum of the
post-hydrothermal sample, indicating a carbon content
of 94.92 % by mass. This slight increase in carbon
content suggests further purification of the carbon
structure, potentially removing impurities and
enhancing the overall quality of the activated carbon.

The higher carbon content implies a greater presence of
active carbon sites available for heavy metal ion
adsorption. The observed smoother and more structured
surface morphology, along with the increased carbon
content, indicates that the hydrothermal treatment has
significantly improved the physical properties of the H.
verticillata-derived activated carbon. The smoother
surface may reduce resistance to mass transfer, allowing
heavy metal ions to access the adsorption sites more
readily. The smaller and more uniform particle sizes
could enhance the packing density of the adsorbent,
increasing the overall surface area available for
adsorption.
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Figure 1 SEM image at a magnification of 5,000 times, and EDX spectrum of H. verticillata-derived activated carbon

before (A), (B) and after hydrothermal treatment (C), (D).

XRD analysis

The XRD analysis of the hydrothermally treated
H. verticillata-derived activated carbon reveals key
insights into its crystallographic structure. Figure 2
show XRD diffraction pattern of hydrothermally treated
H. verticillata-derived activated carbon. The diffraction
pattern shows a prominent broad peak at 20 values
between 20.96 and 24.06 °, which corresponds to the
(002) plane of graphite, indicating a disordered or
amorphous graphite structure. This broad peak is
characteristic of activated carbon and suggests a high

degree of disorder and lack of long-range order in the
carbon matrix, which is beneficial for adsorption
applications as it implies a greater number of active sites
for heavy metal adsorption. In addition to the broad
peak, there is a smaller peak observed at 26 = 43.79 °,
indicative of a minor crystalline region within the
otherwise amorphous structure. This small crystalline
area suggests that there are some regions within the
carbon matrix that have retained a more ordered
structure, although these are not predominant.
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Figure 2 XRD diffraction pattern of hydrothermally treated H. verticillata-derived activated carbon.

The presence of additional peaks at 28 values of
57.38, 64.30 and 77.28 ° indicates the presence of
crystalline phases, which are likely due to impurities or
contaminants introduced during the activated carbon
manufacturing process. The peak at 20 = 57.38 ° is
typically associated with materials that possess a
crystalline phase, while the peaks at 64.30 and 77.28 °
may indicate the presence of other compounds or
elements, possibly introduced by the equipment used
during synthesis or analysis.

The overall XRD pattern, with its dominant broad
peak and lack of sharp peaks, confirms that the
hydrothermally treated H. verticillata-derived activated
carbon predominantly exhibits an amorphous structure.
This amorphous nature is advantageous for adsorption
applications as it enhances the availability of active sites
and increases the material’s capacity to adsorb heavy
metal ions [20]. The disordered structure provides more

surface area and pore volume, facilitating the interaction
and capture of contaminants from aqueous solutions.
This structural characteristic underscores the potential
of hydrothermally treated H. verticillata-derived
activated carbon as an effective and efficient adsorbent
for environmental remediation.

FTIR analysis

Figure 3 displays the FTIR spectrum of the
activated carbon before hydrothermal treatment,
showing several characteristic absorption bands. Before
hydrothermal treatment, the FTIR spectrum shows
several characteristic absorption bands. The peaks in the
region of 1,154.16 - 1,058.32 cm™ correspond to C-O
stretching vibrations, further confirming the presence of
carbonyl groups. Additionally, the peak at 595.39 cm™
indicates the presence of O-H bending in alcohol
groups.
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Figure 3 FTIR spectra of H. verticillata-derived activated carbon samples before and after hydrothermal treatment.

After hydrothermal treatment, the FTIR spectrum
shows noticeable shifts and the appearance of new
absorption bands, indicating changes in the surface
chemistry due to the carbonization and chemical
activation processes. A significant change is the
appearance of a peak at 1,592.58 cm™, attributed to the
C=0 stretching vibration in carbonyl groups, such as
ketones, aldehydes and carboxylic acids. This indicates
the formation of new oxygen-containing functional
groups, which are crucial for the adsorption process by
providing sites for chemical interaction with heavy
metal ions. The C-O stretching vibration band shifts
slightly to 1,150.08 - 1,050.16 cm™'. These shifts reflect
changes in the chemical environment of these functional
groups, likely enhancing the adsorbent’s capacity to
interact with heavy metal ions (ref). The peak at 558.92
cm™ indicates the continued presence of O-H bending
in alcohol groups. This suggests that while the surface
chemistry undergoes significant changes, some
functional groups remain stable.

The retention and appearance of new functional
groups after hydrothermal treatment suggest that the
activated carbon retains and enhances its essential
chemical characteristics, potentially improving its
adsorption properties. The presence of carbonyl and
aromatic groups is crucial for the adsorption process, as
they can form coordination bonds with heavy metal
ions, facilitating their removal from aqueous solutions
(ref). The increased carbon content and structural
changes indicated by the FTIR spectra align with the
XRD and EDX findings, reinforcing the potential of

hydrothermally treated H. verticillata-derived activated
carbon as an effective adsorbent for heavy metals.

Pore characteristic

The nitrogen adsorption-desorption isotherm of H.
verticillata-derived activated carbon, as depicted in
Figure 4(A), alongside the BJH curve in Figure 4(B),
provides crucial insights into its pore characteristics.
The Brunauer-Emmett-Teller (BET) analysis indicates a
surface area of 72.802 m#/g. The total pore volume of
this activated carbon is 0.1011 cm3/g, with a pore
diameter of 0.2776 nm, classifying it as microporous
since microporous materials have pore diameters less
than 2 nm. Comparatively, H. verticillata-derived
activated carbon  demonstrates  superior  pore
characteristics over other biomass-derived activated
carbons. For instance, bamboo-derived activated
carbon, carbonized using a microwave process, has a
pore volume of 0.049 cm3/g and a pore size of 2.91 nm,
classifying it as mesoporous. Similarly, lemon-derived
activated carbon has a pore volume of 0.649 cm?/g and
a pore diameter of 0.12 nm. The specific surface area of
bamboo-derived activated carbon was 240.09 m?/g.

Despite the lower surface area of H. verticillata-
derived activated carbon (72.802 m2/g) compared to
bamboo-derived activated carbon, the microporous
nature of H. verticillata-derived activated carbon makes
it highly effective for adsorbing small molecules,
including heavy metal ions. Microporous activated
carbons are highly valued for their large surface area and
selectivity in adsorbing small molecules, which makes
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them particularly effective for heavy metal adsorption
applications. A high surface area is crucial for an
effective adsorbent, as it provides more active sites for
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Figure 4 Nitrogen adsorption-desorption isotherm of H. verticillata-derived activated carbon.

The BJH adsorption curve indicates the pore
volume distribution within the sample. The pore volume
increases with pore radius, reaching a maximum of
0.079 cm?/g at a radius of 151.3893 A. The desorption
curve, on the other hand, shows the reduction in pore
volume as the pores empty. Both curves demonstrate
that the H. verticillata-derived activated carbon has a
well-developed microporous structure, essential for
effective adsorption [21]. Despite the surface area in this
study being lower than that of some other activated
carbons, such as bamboo-derived activated carbon
(240.09 m#/g), the pore size and volume are optimized
for heavy metal adsorption. The smaller pores and
higher proportion of micropores in H. verticillata-
derived activated carbon allow for a high density of
active sites, making it a potent adsorbent for heavy metal
ions. This balance of surface area, pore volume and pore
size distribution ensures effective adsorption
performance, making H. verticillata-derived activated
carbon a viable and sustainable alternative for water
treatment applications [17].

Adsorption performance

The adsorption performance of H. verticillata-
derived activated carbon was evaluated by examining its
ability to remove 4 heavy metals (Cu, Fe, Pb and Zn)
from aqueous solutions over different contact times.
Figure 5(A) illustrates the relationship between contact

time and the percentage of heavy metals absorbed. The
adsorption lines did not start at 0.0 because there is an
initial adsorption that occurs almost instantaneously
when the activated carbon is added to the solution. This
rapid initial uptake is typical and indicates the high
reactivity of the surface sites. For instance, the removal
efficiency for copper (Cu) starts at 44.17 % at 15 min
and reaches 56.14 % at 120 min. Similarly, lead (Pb)
shows the highest removal efficiency among the 4
metals, starting at 89.42 % and increasing to 94.61 %
over the same period. This trend indicates that longer
contact times allow more metal ions to be captured by
the active sites of the activated carbon, enhancing
overall adsorption efficiency.

The observed trend in the removal efficiencies of
Pb > Fe > Cu > Zn can be attributed to several factors,
including the affinity of the activated carbon for
different metal ions and the specific properties of each
metal ion. Lead (Pb) demonstrates the highest removal
efficiency due to its larger ionic radius and higher
electronegativity, which likely increases its interaction
with the active sites on the activated carbon.
Furthermore, the strong affinity between lead ions and
the functional groups present on the carbon surface
enhances its adsorption.

Iron (Fe) follows lead in removal efficiency. The
presence of Fe in multiple oxidation states can facilitate
various adsorption mechanisms, including ion exchange
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and surface complexation, which contributes to its
relatively high adsorption capacity. Copper (Cu) has a
moderate removal efficiency compared to lead and iron.
The interaction of copper ions with the active sites on
the activated carbon is strong but less pronounced than
that of lead and iron [22], which could be due to the
smaller ionic radius and lower electronegativity of
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copper ions. Zinc (Zn) exhibits the lowest removal
efficiency among the 4 metals. This can be attributed to
its smaller ionic radius and lower affinity for the active
sites on the activated carbon. Additionally, the
competition between zinc ions and other metal ions for
adsorption sites may further reduce its removal
efficiency.
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Figure 5 The percentage of adsorption (A), and adsorption capacity (B) of H. verticillata-derived activated carbon.

Figure 5(B) depicts the adsorption capacity of the
activated carbon for the same heavy metals over time.
The adsorption capacity for copper increased from
8.8344 mg/g at 15 min to 11.2276 mg/g at 120 min. Lead
showed superior adsorption, rising from 17.884 to
18.9218 mg/g, due to the micro-sized pores and high
surface area of the activated carbon. Zinc, however,
exhibited a decrease in adsorption percentage from
33.08 to 29.90 % and capacity from 6.6162 to 5.97998
mg/g over the same period. This indicates a preferential
adsorption tendency of the H. verticillata activated
carbon towards certain heavy metals, aligning with the
properties of biomass-derived activated carbons where
surface chemistry and pore structure are crucial [23].

The high carbon content on the surface of H.
verticillata activated carbon, as confirmed by EDX
analysis, facilitate strong interactions with metal ions,
leading to higher adsorption efficiencies and capacities.
The time was limited to a maximum of 120 min as
preliminary tests indicated that significant adsorption
occurred within this time frame. While the adsorption of
Pb and Cu was still increasing at 120 min, the focus was
on establishing a baseline performance within a
practical timeframe for comparative studies. Extending

the contact time beyond 120 min could be explored in
future research to fully understand the equilibrium state.

The performance of commercial activated carbons
(CAC) typically exhibits adsorption capacities of 15.0
mg/g for Pb and 14.0 mg/g for Cu [24]. Competitive
adsorption results demonstrated that the adsorption
ability of sorbents is restricted by the presence of other
ions, leading to decreased performance compared to
single-ion sorption scenarios. The adsorption capacities
observed in this study, especially for lead and copper,
are within this range, demonstrating that H. verticillata
activated carbon is a viable alternative [18].

Adsorption mechanism

The adsorption mechanism of heavy metals onto
H. verticillata-derived activated carbon can be
understood through a detailed examination of the
physical interactions between the
adsorbent and the adsorbates. Physical adsorption, or
physisorption, involves the adherence of heavy metal
ions onto the surface of the activated carbon primarily

and chemical

through van der Waals forces [25]. These are weak, non-
specific interactions that occur due to the induced dipole
moments between the adsorbent and the adsorbate. The
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large surface area and porous structure of activated
carbon, as determined through BET analysis, provide
ample sites for physical adsorption. The microporous
nature of the H. verticillata-derived activated carbon,
with its high surface area, suggests a significant
potential for physisorption [26]. The small pore
diameters allow for the capture of metal ions through
size-exclusion effects, enhancing the overall adsorption
capacity [27].

Chemical adsorption or chemisorption involves
the formation of stronger, more specific interactions
between the adsorbent and the adsorbate, such as
covalent or ionic bonds [28]. The FTIR analysis
indicates the presence of various functional groups on
the surface of the activated carbon, including hydroxyl
(OH), carbonyl (C=0) and aromatic (C=C) groups, that
can interact with heavy metal ions through mechanisms
such as ion exchange, complexation and coordination
bonding [29]. For instance, the hydroxyl groups can
donate electrons to form coordination bonds with metal
cations, while carbonyl groups can participate in
complexation reactions, effectively immobilizing the
metal ions on the carbon surface [30].

The adsorption process observed in H. verticillata-
derived activated carbon is likely a combination of both
physical and chemical adsorption. Initially, metal ions
may be attracted to the surface through van der Waals
forces, which are characteristic of physisorption [31].
Once in close proximity to the surface, the metal ions
can form stronger interactions with the functional
groups present on the activated carbon, characteristic of
chemisorption. This dual mechanism enhances the
overall adsorption capacity and efficiency [32]. Heavy
metal ions in the aqueous solution initially diffuse
towards the surface of the activated carbon [33]. The
high surface area and microporous structure of the
activated carbon facilitate this initial contact through
physical adsorption, where the metal ions are attracted
to the surface of the carbon [34].

Upon contact, the metal ions interact with the
functional groups present on the activated carbon
surface. Hydroxyl, carbonyl and aromatic groups play a
significant role in binding the metal ions. These
interactions are primarily through chemical adsorption
mechanisms, where chemical bonds are formed between
the metal ions and the functional groups on the carbon
surface. Functional groups such as OH and C=0 form

complexes and coordination bonds with the metal ions,
leading to their immobilization on the carbon surface.
This complexation process is enhanced by the carbon’s
amorphous structure, which provides a greater number
of active sites for adsorption, thereby increasing the
efficiency of the adsorbent. Once the metal ions are
adsorbed, they are stabilized on the carbon surface,
reducing their mobility and preventing desorption under
normal conditions. This stabilization is crucial for
ensuring the long-term effectiveness of the adsorbent in
water treatment applications, as it ensures that the heavy
metals remain bound to the activated carbon and do not
re-enter the aqueous solution.

Conclusions

The study evaluated the efficacy of activated
carbon derived from H. verticillata for adsorbing heavy
metals (Cu, Pb, Fe and Zn). Hydrothermal treatment
significantly improved the carbon’s surface area (72.802
m#/g) and microporous structure (pore diameter of
0.2776 nm), enhancing its adsorption properties. The
carbon content was 88.73 % by mass. Adsorption
capacities were 11.2276 mg/g for Cu and 18.9218 mg/g
for Pb, with removal efficiencies of 56.14 and 94.61 %,
respectively. These results show that H. verticillata-
derived activated carbon is a sustainable and effective
alternative for heavy metal removal, performing
competitively with commercial activated carbons,
which have capacities of 15.0 mg/g for Pb and 14.0 mg/g
for Cu.
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