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Abstract

Lead (Pb) contamination in aquatic environments poses serious risks to ecosystems and human health
due to its toxicity and persistence. This study evaluates the potential of Gamalama volcanic soil (GVS),
a locally abundant aluminosilicate material, as a low-cost adsorbent for Pb(Il) removal Batch
adsorption experiments were conducted at initial Pb(Il) concentrations of 50-500 mg/L and contact
times of 20-120 min. Adsorption behavior was analyzed using kinetic models, namely the pseudo-first-
order and pseudo-second-order models, and isotherm models, namely the Langmuir and Freundlich
models. The structural and surface properties of GVS before and after adsorption were characterized
by FTIR, XRD, and N, adsorption (BET). The adsorption efficiency decreased from 45.8% to 33.6% with
increasing initial Pb(ll) concentration, indicating progressive saturation of active sites. In contrast,
adsorption increased with contact time and reached a maximum of 94.87% at 60 min. Kinetic analysis
showed an excellent fit to the pseudo-second-order model (R? = 0.9997), suggesting a chemisorption-
controlled process. The Freundlich isotherm provided a better fit (R = 0.9902), indicating multilayer
adsorption on heterogeneous surfaces. XRD patterns showed no significant changes after adsorption,
while the BET surface area decreased from 490.128 to 464.707 m?/g, suggesting partial pore
blockage. These results demonstrate that GVS is a promising natural adsorbent for Pb(ll) removal,
although further studies on selectivity and regeneration are required for practical applications.

Keywords: Adsorption, Gamalama volcanic soil, Pseudo-second-order model, Freundlich isotherm,
Low-cost adsorbent

Introduction

The increase in mining activity in
Indonesia in recent years has been
accompanied by increasing heavy metal
pollution in the environment. The discharge
of heavy metals can harm ecosystems and
human health [1], [2]. One of the most
dangerous heavy metals is lead (Pb), which is
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persistent, very difficult to degrade naturally,
and tends to accumulate in soil, sediment, and
aquatic systems. The presence of Pb at certain
concentrations can inhibit plant growth,
disrupt soil nutrient balance, and endanger
ecosystems. The bioaccumulation of lead in
the food chain ultimately increases human
exposure, posing serious health risks such as
neurological impairment, cardiovascular
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problems, kidney damage, and immune
dysfunction. Children exposed to lead are
particularly vulnerable to developmental and
cognitive deficits [3], [4], [5]. These impacts
highlight the urgent need for effective and
sustainable Pb remediation strategies.

Heavy metal removal technologies are
well known and widely applied, particularly
chemical precipitation [6], ion exchange [7],
[8], membrane separation [10], [11], and
adsorption techniques [12], [13]. Among
these removal techniques, adsorption has
been extensively investigated and is
considered a favorable method because of its
simplicity, low operational cost, and high
efficiency [14], [15], [16]. Previous studies
have highlighted the capacity of clay minerals,
such as allophane, halloysite, and kaolinite, to
bind heavy metal ions through their high
surface area and reactive functional groups.
However, most studies have focused on
chemically modified or purified adsorbents,
while only a limited number have examined
the adsorption potential of naturally
occurring, unmodified volcanic soils.

In Indonesia, the Ternate region in
North Maluku is particularly vulnerable to
heavy metal contamination due to intensive
mining activities. Therefore, a removal
material that is both effective and locally
accessible is urgently needed. Gamalama
volcanic soil (GVS) is abundant in this region
and contains aluminosilicate minerals such as
allophane, halloysite, and silica, which are
known to possess high surface areas and
reactive surface hydroxyl groups suitable for
heavy metal adsorption [17], [18], [19],
[20]. Previous studies have reported the
adsorption potential of purified clay,
aluminosilicate minerals, and chemically
modified adsorbents for Pb(II) removal [5],
[21], [22]. However, studies on the direct
utilization of natural, unmodified volcanic soil
as a Pb(ll) adsorbent remain limited.
Moreover, evidence regarding the adsorption
mechanism, Kkinetic behavior, and mineral
and structural stability of Gamalama volcanic
soil after Pb adsorption is still insufficient.
Thus, this study aims to evaluate the
adsorption performance of natural Gamalama
volcanic soil for Pb(II) removal. Specifically,

this study focuses on: (1) investigating
adsorption behavior under varying initial Pb
concentrations and contact times; (2)
analyzing the adsorption mechanism using
the Langmuir and Freundlich isotherm
models; (3) determining adsorption kinetics
using the pseudo-first-order and pseudo-
second-order models; and (4) assessing the
structural and mineralogical changes of the
adsorbent using FTIR, XRD, and SAA-BET
characterization.

Methodology

The materials used in this study
included GVS, hydrogen peroxide, Pb(NO3),,
NaCl, HCI, NaOH, and distilled water. All
chemicals used were of analytical grade and
obtained from Merck. GVS was collected from
0°50°12.3" N, 127°19’18.6" E, Ternate, North
Maluku, at a depth of 0-70 cm. The soil was
then air-dried and ground to a particle size of
200 mesh. To remove organic content, 20 g of
soil was stirred with 200 mL of distilled
water and reacted with 10 mL of 30%
hydrogen peroxide. The solid was then dried
at 80°C for 3 h.

The point of zero charge pH (pHpzc) of
GVS was determined using the pH drift
method in 25 mL of 0.1 M NaCl solution. A
series of NaCl solutions with different initial
pH values was prepared using HCl and NaOH,
followed by the addition of 20 mg of GVS.
After 12 h, the final pH was measured, and
pHpzc was determined from the point at which
ApH = 0.

A total of 20 mg of GVS was added to
25 mL of Pb(II) solution at pH 6 with varying
concentrations of 50, 100, 200, 300, and 500
ppm. The contact times used in this study
were 20, 30, 40, 60, and 120 min to study the
adsorption  kinetics.  The  adsorption
experiments were conducted by adding 20
mg of the GVS adsorbent to 25 mL of Pb(II)
solution. To determine the effect of Pb
adsorption on the structure and minerals of
GVS, FTIR, XRD, and SAA-BET
characterization of GVS was carried out
before and after adsorption.

FTIR analysis was performed using a
Shimadzu FTIR spectrophotometer (model
8201PC) over a wavenumber range of 300-
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4000 cm™. The spectra of all samples were
obtained using the KBr pellet method. X-ray
diffraction (XRD) patterns were recorded
using a Shimadzu diffractometer (model
6000) with Cu Ka radiation. The data were
collected over a 20 range of 3-80° in
continuous scan mode, with a scanning rate
of 3° min™?, a sampling pitch of 0.02° and a
preset time of 0.40 s. The specific surface area
of the samples was determined by N,
adsorption at 77.3 K using the BET method
with a Quantachrome Instruments Nova
analyzer. The pressure tolerance was set at
0.100/0.100 for adsorption/desorption
measurements.

The adsorption data were analyzed
using pseudo-first-order (PFO) [23] and
pseudo-second-order (PSO) [24] Kkinetic
models to evaluate the adsorption rate and
possible controlling mechanisms. The PFO
equation is expressed as follows:

Ln(ge-qd) =Inge= kit oo (D

The PSO equation is expressed as follows:
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where q; (mg g™*) is the adsorption capacity
at time t, q. (mg g™*) is the adsorption
capacity at equilibrium, k; (min') is the rate
constant of the pseudo-first-order model, and
k, (g mg ! min™!) is the rate constant of the
pseudo-second-order model. Equilibrium
adsorption data were analyzed using the
Langmuir and Freundlich isotherm models.
The Langmuir model equation is expressed as
follows:
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The Freundlich linear equation is expressed
as follows:

(4)

where C. is the Pb(II) concentration at
equilibrium (mg L), Qmax is the theoretical
monolayer adsorption capacity estimated by
the Langmuir model (mg g™*), KL is the
Langmuir constant, and KF is the Freundlich
constant.
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Figure 1. Gamalama volcanic soil pHpzc

Results and Discussion

In this study, the Kkinetics of Pb
adsorption using Gamalama volcanic soil
were studied using pseudo-first-order and
pseudo-second-order equations.
Furthermore, the adsorption data were also
analyzed using the Langmuir [25] and
Freundlich isotherms [26] to study the
adsorption mechanism. The pHpzc of GVS was
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estimated to be approximately 5.74 (Fig. 1).
The pHpzc value indicates that the adsorbent
surface becomes increasingly negative above
this pH, which is more suitable for the
adsorption of Pb®* ions through electrostatic
attraction. Therefore, in this study, pH 6
favored Pb(II) adsorption while minimizing
hydroxide precipitation.
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Figure 2. Pb(II) adsorption onto Gamalama volcanic soil: (a) effect of contact time; (b) effect of initial
concentration

Pb(II) Adsorption

The adsorption process occurred very
rapidly during the first 20-30 min (see Figure
2a). The highest adsorption percentage was
achieved at a contact time of 60 min. At 20
min, the adsorption process removed 88.68%
of Pb, which further increased to 91.24% at
30 min. This indicates that the adsorbent
surface possessed a large number of active
sites that were immediately occupied by
Pb(II) ions. Adsorption at the initial stage was
dominated by rapid diffusion and the
interaction of Pb(II) ions with active
functional groups, particularly Al-0/Al-OH
and Si-0/Si-OH groups. These active sites are
abundantly available on the surface of
Gamalama volcanic soil. Extending the
adsorption contact time to 45 min resulted in
a slight increase in adsorption percentage to
92.02%, and at 60 min, adsorption reached its
maximum value of 94.87%. This suggests that
adsorption equilibrium was reached at a
contact time of approximately 60 min. The
effect of the initial Pb concentration on
adsorption percentage is shown in Figure 2a.
Based on Figure 2a, increasing the initial Pb
concentration decreased the adsorption
percentage. The adsorption percentages were
45.8%, 38.91%, 33.82%, 33.8%, and 33.6%
for initial Pb concentrations of 50, 100, 200,
300, and 500 ppm, respectively.

The increase in initial
concentration of Pb was inversely
proportional to the Pb adsorption percentage
using GVS. As the initial Pb concentration
increased from 50 to 500 ppm, the adsorption

the

percentage decreased from 45.8% to 33.6%,
suggesting that the adsorbent performs more
efficiently at lower concentration levels. This
trend is commonly associated with the
saturation of functional groups and the
limited availability of active adsorption sites
on the Gamalama volcanic soil surface [27],
[28].

Further contact time to 120 minutes
gave Further extension of the contact time to
120 min caused the adsorption percentage to
decrease to 93.52%. This slight decrease in
adsorption efficiency at 120 min, from
94.87% to 93.52%, may be attributed to
desorption and re-equilibration processes, in
which weakly bound Pb(II) ions are released
back into the solution. In addition, prolonged
contact time may lead to the redistribution of
Pb(I) ions within the adsorbent pores,
resulting in a dynamic equilibrium between
adsorption and desorption processes. Similar
results have been reported by [29], [30], and
[31]. The adsorption capacity increased
rapidly during the initial stage and reached a
maximum value of 118.59 mg/g at 60 min,
indicating rapid occupation of available active
sites. A slight decrease at 120 min may be
associated with desorption due to re-
equilibration processes.

At lower concentrations, the number
of Pb(Il) ions in the solution was still
proportional to the availability of active sites,
resulting in relatively high adsorption
efficiency. However, as the concentration
increased, these sites gradually became
occupied, causing intense competition among
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Pb ions to bind to the adsorbent surface. The
declining trend in adsorption percentage at
higher concentrations also suggests that the
adsorption process may shift from a high-
affinity interaction to a diffusion-limited
phase, especially once equilibrium is
approached [32], [33]. Although the
percentage  removal decreased  with
increasing initial Pb(II) concentration, the
adsorption capacity (q.) increased markedly
from 28.63 to 140 mg/g as the concentration
increased from 50 to 500 mg/L. This trend
indicates that higher Pb(II) concentrations
provide a stronger concentration gradient
and increase the amount of Pb(II) adsorbed
per unit mass of GVS.

To evaluate the practical performance
of GVS, the adsorption capacity obtained in
this study was compared with those of
previously reported natural adsorbents for
Pb(II) removal. The experimental adsorption
capacity of GVS reached 140 mg/g, which is
comparable to those of other silica- or
aluminosilicate-based adsorbents, such as
bentonite, zeolite, mesoporous  silica,
clinoptilolite, and metakaolin. The relatively
strong performance of GVS may be attributed
to its large BET surface area (490 m?/g) and
the presence of reactive mineral phases such
as allophane and halloysite. The BET surface
area of GVS is relatively higher than those of
most of the aforementioned adsorbents. A
comparison of the adsorption performance of
GVS with those of other natural adsorbents
reported in the literature is shown in Table 1.
Based on the adsorption capacity and BET
surface area shown in Table 1, GVS has strong
potential as a local North Maluku adsorbent
for Pb(II) removal from aqueous systems.

Adsorption Kinetic Model

Figure 3a and 3b show that the R?
value for the PSO model was 0.9997, while
the R? value for the PFO model was only
0.4605. Based on this result, it can be
concluded that the Pb(II) adsorption kinetics
using GVS are more consistent with the PSO
model than with the PFO model. This
indicates that the Pb adsorption process by
GVS occurs through chemisorption involving
the interaction of Pb with active sites on GVS,
such as Al-0 and Si-0 groups.
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This finding was further supported by
BET analysis, which demonstrated a
moderate decrease in surface area from
490.128 to 464.707 m?/g after adsorption.
This reduction in surface area suggests that
partial pore blocking and active site
occupation occurred during adsorption. In
contrast, the pseudo-first-order model
showed a poor correlation (R* = 0.4605),
confirming that the process was not merely
diffusion-controlled. Regarding the
equilibrium behavior, the adsorption data
exhibited a weak correlation with the
Langmuir model (R* = 0.6179), while the
Freundlich model provided an excellent fit
(R? = 0.9902), with a KF value of 1.989
(Figures 3c and 3d). The Langmuir model
showed a relatively poor fit (R* = 0.6179),
indicating that its assumption of monolayer
adsorption on a homogeneous surface is not
suitable for this adsorption system. In
contrast, the better agreement with the
Freundlich model (R? = 0.9902) suggests that
the GVS surface is heterogeneous and
contains different types of active sites, which
is reasonable given the presence of multiple
mineral phases, such as allophane and
halloysite. This behavior is commonly
observed in natural adsorbents such as
volcanic soils [24], [25], [27], [35], [36].

The utilization of Gamalama volcanic
soil showed high potential as a cost-effective
and environmentally benign adsorbent for
Pb(Il) remediation. The rapid adsorption
kinetics over a short contact time make the
adsorbent highly suitable for short-residence-
time treatment systems. For industrial
wastewater treatment, this characteristic is
ideal for continuous-flow reactors or fixed-
bed column systems. The high adsorption
efficiency at low Pb concentrations is suitable
for the polishing stage of treatment
processes, where heavy metal concentrations
have already been reduced but must still
meet regulatory discharge limits. Meanwhile,
the gradual decrease in percentage removal
at higher concentrations suggests that
multistage adsorption, dose optimization, or
adsorbent regeneration strategies may be
required when treating wastewater with high
Pb loads.
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Table 1. Comparison of Pb(II) adsorption capacity and BET surface area of GVS with other adsorbents

Adsorbent BET Surface Adsorption Reference
Area (m?/g)  capacity (mg/g)
GVS 490 140 This study
South African 37.05 4.2 [21]
bentonitic clay
Zeolite 28.12 66.96 [34]
Mesoporous 511 127.24 [35]
silica MCM-48
Clinoptilolite 21 32 [36]
Metakaolin 64.7 100 [37]
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Figure 3. Adsorption kinetic and isotherm models: (a) pseudo-first-order model; (b) pseudo-
second-order model; (c) Freundlich isotherm; (d) Langmuir isotherm
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FTIR Characterization

The comparison of FTIR spectra of
Gamalama volcanic soil before and after
Pb(Il) adsorption showed no significant
shifts in the characteristic vibrational bands
of Si-0, Al-0, and OH groups. This behavior
indicates that the main mineral framework
remained  structurally stable during
adsorption. In Figure 4, characteristic clay
peaks and several major minerals present in
Gamalama volcanic soil are observed. The
clay minerals identified in the sample
include allophane, halloysite, and kaolinite.
The FTIR spectral data of GVS before
adsorption exhibited three bands
corresponding to hydroxyl peaks at 3687,
3618, and 3437 cm™* [38], [39]. These three
peaks correspond to Si-OH, Al-OH, and -OH
from water. The peak at 3687 cm™" was
assigned to Al-OH symmetric stretching,
which became slightly broader and showed
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a decrease in intensity after Pb adsorption.
This phenomenon may be attributed to the
interaction between -OH groups on the soil
surface and Pb(II) ions [40], [41], [42], [43].
The Si-0-Si stretching vibration was
identified by the appearance of a peak
within the range of 1000-1100 cm™, while
the Si-0-Al vibration appeared in the region
of 520-570 cm™. These peaks did not show
any shift after Pb adsorption, indicating that
the aluminosilicate framework remained
stable and intact [44], [45]. However, a
noticeable decrease in peak intensity was
observed in the FTIR data. This may
correspond to a possible interaction
between Pb?* ions and the aluminosilicate
surface. This confirms the occurrence of
chemisorption on the adsorbent, likely
through surface complexation (=Al-O-Pb
and =Si-0-Pb), and is consistent with the
kinetic and isotherm data described above.
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Figure 4. FTIR spectra of Gamalama volcanic soil before and after Pb adsorption
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XRD and SAA-BET Characterization

Figure 5. displays several
characteristic diffraction peaks at 26 =
8.827° (10 A), 19.69° (4.5 A), 22.09° (4.02
A), 22.926° (3.87 A), 26.564° (3.36 A),
27.93° (3.20 A), 28.55° (3.10 A), 29.96°
(2.96 A), 35.04° (2.54 A), and 49.76° (1.83
A). These diffraction peaks confirmed the
presence of halloysite (PDF No. 00-029-
1489), allophane (PDF No. 00-038-0449),
albite (PDF No. 00-001-0739), kaolinite
(PDF No. 01-078-2109), and quartz (PDF
No. 01-075-0443). The crystal structure of
the soil minerals was preserved during the
adsorption process. The main diffraction

peaks appeared at similar 26 positions in
both samples, and no additional reflections
corresponding to crystalline Pb phases were
observed. After Pb uptake, only slight
changes in peak intensity and broadening
were observed, which could be ascribed to
partial coverage of crystalline domains and
a minor decrease in apparent crystallinity
rather than the formation of new crystalline
Pb compounds [43], [46]. The absence of
new diffraction peaks may also indicate that
Pb(II) is present in an amorphous or highly
dispersed form on the GVS surface, which is
not detectable by XRD analysis.
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Figure 5. XRD pattern of Gamalama volcanic soil before and after Pb adsorption

These data, combined with FTIR and
the pseudo-second-order/Freundlich
adsorption behavior, suggest that Pb was
predominantly retained through surface
complexation on Al-O-H and Si-O-H groups
of the aluminosilicate matrix, forming highly
dispersed, poorly crystalline Pb species on
the Gamalama volcanic soil surface. In
addition, no shifting of 26 values was
observed between the raw and Pb-loaded
samples, indicating that no new crystalline
Pb phase, such as PbO, Pb(OH),, or Pb-
silicate, was formed. Only a decrease in
intensity and slight peak broadening
occurred around approximately 26°, 35-
37°, and 50-60° 26, indicating that Pb was
adsorbed only on the surface without

altering the crystalline lattice of the soil
minerals. These observations are strongly
supported by the FTIR results. Broadening
and a decrease in the intensity of the —-OH
stretching band at approximately 3400 cm™
were observed without any peak shift,
indicating surface complexation rather than
lattice  substitution. This evidence is
consistent with the pseudo-second-order
kinetic model (R* = 0.9997), suggesting
chemisorption as the rate-controlling
mechanism. Based on the combined Kinetic,
isotherm, FTIR, and XRD results, the
adsorption of Pb(II) onto GVS is proposed to
occur through a combination of electrostatic
interactions, surface complexation with

61

Copyright © 2026 WIC | ISSN 2621-5985 (online) | ISSN 2549-385X (print)

Volume 9, Nomor 1, 2026



Adsorption Behavior Of Pb(1l) ...

hydroxyl groups (=Si-OH and =Al-0H), and
possible ion exchange mechanisms.

BET analysis of Gamalama volcanic
soil before and after Pb adsorption showed
changes in its surface properties. The
results of this analysis indicate that the
adsorption process occurred primarily on
the surface of the adsorbent and was not
caused by changes in the GVS mineral
structure. The specific surface area
decreased from 490.128 to 464.707 m?/g.
This decrease indicates that Pb** ions
occupied active sites on the GVS surface,
causing some pores to become blocked and
reducing the number of sites available for
adsorption. This finding is consistent with
the results of the kinetic analysis, which
followed the pseudo-second-order model
(R? = 0.9997), indicating that the adsorption
process was dominated by chemisorption in
the form of interactions between Pb** ions
and Al-0/Si-O functional groups on the
surface of GVS minerals. These results also
support the adsorption isotherm analysis,
which showed better agreement with the

Freundlich isotherm (R* = 0.9902),
indicating that the adsorption process
occurred on a heterogeneous surface in a
multilayer system. The XRD
characterization results before and after
adsorption did not show a 26 shift,
indicating that Pb ions were bound only to
the GVS surface.

This finding is consistent with the
BET data, which showed a decrease in the
specific surface area after adsorption.
Overall, the results of this study indicate
that Pb adsorption occurs through surface
interactions and pore blockage without
damaging the basic aluminosilicate
structure of Gamalama volcanic soil. This
property is commonly found in volcanic
soils rich in allophane and halloysite, such
as GVS, which have high surface areas,
numerous active groups, and good metal ion
binding capacity [42], [44], [47]. With these
characteristics, Gamalama volcanic soil has
good potential as a stable natural adsorbent
and can be used to help reduce heavy metal
pollution in water.
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Figure 6. BET isotherm of Gamalama volcanic soil before and after Pb adsorption

Conclusion

The adsorption of Pb(II) onto GVS
followed the pseudo-second-order Kkinetic
model and the Freundlich isotherm,
indicating chemisorption on heterogeneous
surfaces. XRD results showed no significant
changes in the main diffraction patterns
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after adsorption, suggesting that the bulk
structure of GVS remained largely
unchanged, although further
characterization is needed for confirmation.
The Pb(II) adsorption capacity of GVS was
140 mg/g, highlighting the potential of GVS
as a low-cost adsorbent for Pb(II) removal.
Future studies should explore its selectivity,
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regeneration, and
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application in real

wastewater systems.
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