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ABSTRACT

Industrial wastewater containing a mixture of various heavy metals requires an adsorption technology capable of
selective and efficient operation. This study examines Hermetia illucens larval shells (H. illucens LS) as unacti-
vated biosorbents, characterizing their physicochemical properties and evaluating adsorption performance in a
multi-metal batch system. XRD analysis indicates the dominance of CaCOs phases with contributions from chitin-
based biopolymers; FTIR reveals changes in functional group vibrations associated with surface complexation
and ion exchange mechanisms after metal interaction; BET analysis shows a specific surface area of 8.464 m?/g
with mesoporous characteristics, and SEM—EDX confirms pore narrowing and the presence of lead (Pb), iron (Fe),
and copper (Cu) after adsorption. Selectivity tests involving seven metal ions demonstrate that Fe(IlI), Pb(II),
and Cu(Il) are preferentially adsorbed, forming the basis for mechanistic interpretation and the novelty of this
study. The adsorption affinity follows the order Fe(III) > Pb(II) >> Cu(Il), reflecting differences in charge density,
coordination behavior, and competitive binding strength in multi-metal systems. Kinetic analysis indicates that ad-
sorption follows a pseudo-first-order model which in this case is dominated by rapid initial interactions. Isotherm
modeling shows that Fe(III), Pb(II), and Cu(II) are best described by the Freundlich model (R? > 0.99), confirming
heterogeneous adsorption involving multilayer coverage. Thermodynamic parameters indicate that Fe(IlI) and
Pb(II) adsorption is spontaneous and exothermic, whereas Cu(II) adsorption is less favorable due to weaker surface
affinity. Overall, these findings demonstrate the intrinsic selectivity of H. illucens larval shells governed by surface
chemistry rather than surface area, and support their potential as a cost-effective and sustainable biosorbent, with
economic considerations discussed in this study, for multi-metal wastewater treatment.

Keywords: Hermetia illucens, black soldier fly, competitive adsorption, larval shells, multi-heavy metal ions.

INTRODUCTION (Pb), copper (Cu), and iron (Fe) are commonly
found in industrial wastewater from industries

Heavy metal pollution is one of the most such as electroplating, mining, metallurgy, and
crucial global environmental problems due to its  battery production (Elewa et al., 2023; Perwitasari
toxic, persistent, and non-biodegradable nature et al., 2018; Wang et al., 2025). The accumulation
(Hidayah et al., 2025). Heavy metals such as lead of heavy metals in aquatic environments can have
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serious impacts on aquatic biota and human health
through bioaccumulation and biomagnification
processes (Ali et al., 2019). Various conventional
methods have been applied to remove heavy met-
als from wastewater, such as chemical precipita-
tion (Han et al., 2024), coagulation-flocculation
(Hussain et al., 2023), ion exchange (Rahmanian
et al.,, 2017), biosorption (Imron et al., 2024),
membrane filtration (Azmi et al., 2025), adsorp-
tion (Mei et al., 2025), and electrochemical pro-
cesses (Tran et al., 2017). Although these methods
have shown high effectiveness, several limitations
remain, including high operational costs, large
chemical requirements, secondary sludge forma-
tion, and decreased efficiency at low metal con-
centrations. These limitations have driven the de-
velopment of more economical, environmentally
friendly, and efficient processing technologies to
address heavy metal problems.

One widely developed method is adsorption,
considered a simple, effective, and flexible tech-
nique for removing heavy metal waste (Kothavale
et al., 2023). In its development, this technology
introduced the biosorption approach, namely the
adsorption process by natural biomass or biologi-
cal waste through complexation, ion exchange, or
electrostatic interaction mechanisms (Imron et al.,
2024). Biosorption efficiency is highly dependent
on the characteristics of the biosorbent used, par-
ticularly its surface area, active functional groups,
and ion exchange capacity (Fan et al., 2025). Bio-
sorbent characteristics also depend on the type
and composition of its primary material. The use
of natural materials or biomass waste as biosor-
bents is currently attracting attention because it
is economical and abundant, and also aligns with
the principles of green chemistry and a circular
economy (Sekaringgalih et al., 2025).

Biomass generally contains active groups
such as —OH, -COOH, —NH:, and —SH, which
are capable of interacting with heavy metal ions
(Yang et al., 2025). Hermetia illucens larval shell
(H. illucens LS) biomass is an abundant but unde-
rutilized maggot cultivation waste product, offer-
ing significant potential as a natural biosorbent.
Chemically, larval shells contain chitin (Bazan-
Wozniak et al., 2025), protein, and calcium car-
bonate (Sharma and Thangadurai, 2025), which
provide active sites for binding heavy metal ions
through chemical and physical interactions. Un-
like many other biomasses that require chemical
activation or carbonization to increase adsorption
capacity, H. illucens LS can be used directly after
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washing and drying. Their naturally porous struc-
ture (Bazan-Wozniak et al., 2025) and the pres-
ence of functional active groups allow for effec-
tive interaction with metal ions without the need
for additional modification.

Research related to heavy metal adsorption
using H. illucens has been widely reported in the
literature. Several previous studies utilized H. il-
lucens LS as a source of chitin-chitosan for Cd(II)
and Ni(II) adsorption (Phasukarratchai et al., 2025;
Ztotko et al., 2021), H. illucens LS combined with
activated carbon from biogas sludge for Cd(II)
removal via capacitive deionization (Panja et al.,
2025), zoo compost H. illucens as a Zn(II) ion bio-
sorbent (Sverguzova et al., 2021), H. illucens lar-
val feces for Cu(Il) and Cd(II) adsorption (Zhang
et al., 2020), and dead H. illucens biomass for
Pb(II) adsorption (Zainudin et al., 2023). These
studies generally focus on specific modification or
activation processes and the adsorption evaluation
of a single metal. In real wastewater conditions,
heavy metal ions are typically present as mixtures
of several metals, which can lead to competition
between ions for active sites on the biosorbent sur-
face and impact adsorption capacity and efficiency
(Patel et al., 2024). However, studies using H. illu-
cens LS biomass without chemical or thermal ac-
tivation are still very limited. Therefore, this study
examines the adsorption of multi-metals Pb(II),
Cu(Il), and Fe(Ill) using H. illucens LS through
kinetics, isotherm, thermodynamics, and adsorp-
tion competition analysis, while complementing
the study with an economic analysis to evaluate
the potential of H. illucens LS as a low-cost green
adsorbent that is feasible for large-scale water
treatment applications. This study also contributes
to sustainable development goals (SDGs) 12, 14,
and 8 by supporting responsible consumption and
production, preserving the quality of aquatic en-
vironments, and increasing the economic value of
H. illucens agricultural waste for community and
farmer-scale applications.

MATERIALS AND METHODS

Materials

H. illucens LS were obtained from local farm-
ers in Pangandaran Regency, West Java, Indone-
sia. The reagents used in this study were of ana-
lytical grade with a purity >99%. Several heavy
metals in the form of salts were used, including
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PbCl,, CuCl'2H:0, FeCl,-4H.0, CdCl,-2H,0,
CrCl,, HgCl,, and ZnCl, (Merck, Germany),
along with distilled water (OneMed, Indonesia).

Instrumentation

Functional groups were characterized using
attenuated total reflectance Fourier-transform
infrared (ATR-FTIR — Thermofisher Scientific
Nicolet iS50, USA). Specific surface area was
measured by the Brunauer-Emmett-Teller (BET)
method (Quantachrome Quadrasorb EVO, USA).
Crystalline phases were identified by X-ray dif-
fraction (XRD, DX 2700, Haoyuan, China). Sur-
face morphology and elemental mapping were ob-
tained by scanning electron microscopy coupled
with energy dispersive X-ray (SEM—EDX, JEOL
JSM-6510LA, Japan). The centrifuged superna-
tant after adsorption was subjected to Atomic ab-
sorption spectrophotometer (AAS, PerkinElmer
AAnalyst 800, USA).

Procedure

Preparation of biosorbent

The H. illucens LS biosorbent was initially
washed with tap water to remove surface dirt, then
rinsed with distilled water. The cleaned pellets were
then dried in an oven at 105 °C (Memmert UN110,
Germany) for 2 hours, the dried larval shells were
then pulverized and sieved through mesh no. 40
to obtain pellets with a minimum size of 0.420
mm. The pellets were then reheated in the oven for
1 hour at 105 °C and put into a desiccator for 1 hour.

Preparation of heavy metal

Stock solutions were prepared from each
heavy metal (Pb, Cu, Fe) at a concentration of
100 mg-L! and diluted to the desired concentra-
tion. The desired concentration was adjusted us-
ing dilution with a certain ratio.

Adsorption selectivity test

A mixture solution of seven heavy metal ions
(Pb(I), Cu(1l), Fe(Ill), Zn(I1), Ni(Il), Cd(II), and
Cr(I1)) was prepared and combined with an initial
concentration of 100 mg-L™" each. The mixture
was then treated with a biosorbent at a ratio of 10
g-L 7" and a shaker speed of 160 rpm for 1440 min.
After adsorption, the biosorbent was centrifuged,
and AAS analyzed the residual concentrations
of each ion to evaluate the biosorbent’s relative

adsorption capacity and selectivity in a competi-
tive multi-ion system. All adsorption experiments
were conducted without pH adjustment, and the
initial solution pH remained close to neutral (=7)
due to the use of distilled water.

Adsorption kinetics, isotherms, and thermodyna-
mic studies

The adsorption kinetics were studied by dilut-
ing heavy metal stock solutions into 100 ml Erlen-
meyer flasks with the following concentrations:
90 mg-L™' for Pb(Il), 85 mg-L' for Cu(ll), and
75 mg-L! for Fe(Ill). A total of 1 g of biosorbent
was added to a 250 mL Erlenmeyer flask (Pyrex,
Germany) containing 100 mL of heavy metal so-
lution. The mixture was shaken in a Shaker incu-
bator (B-One SIC 50L, China) at 160 rpm for 30,
60, 180, 360, 720, and 1440 minutes, then centri-
fuged at 12,000 rpm for 5 minutes. The adsorption
isotherms and thermodynamic properties were
studied at 308, 318, and 328 K. The concentra-
tion variations were 2, 4, 6, 8, 10, and 12 mg-L™!
prepared using the same dilution method, shaker
speed, and biosorbent weight. Contact was per-
formed at equilibrium time, then the mixture was
centrifuged. The centrifugation results yielded a
pellet (biosorbent after adsorption), which will
then be characterized, and the supernatant was
subjected to AAS with three replications. Ad-
sorption removal efficiency (%) for heavy metals
and adsorption capacity were calculated by using
Equation 1 and 2.

Adsorption removal efficiency (%) =

_ S=Ceq o 109 (1)
Co
Adsorption capacity (mg/ g) =
Co= Cegnv 2)
B m

where: C, — initial concentration (mg-L™), Ceq —
final concentration (mg-L™"), m — mass of
biosorbent (g), V' — volume of solution (L).

RESULTS AND DISCUSSION

Characteristic biosorbent

Crystallinity

The XRD pattern of H. illucens LS is shown in
Figure 1, displaying a series of sharp and well-de-
fined peaks, confirming its crystalline nature. The
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diffraction peaks at 20 = 9.2°, 19.3°, 23.1°, and
26.3° are characteristic of the crystalline structure
of a-chitin (Zewude et al., 2022). The main dif-
fraction reflections appear at around 29.4°, 36.0°,
39.5°, 43.2°, 47.6°, and 48.5°, which correspond
to the (104), (110), (113), (202), (018), and (116)
planes of calcite (CaCOs) according to JCPDS
card No. 05-0586. The dominance of the (104)
reflection at 29.4° is characteristic of biogenic
calcite, indicating the regular crystal orientation
common in naturally mineralized calcium car-
bonate. The relatively narrow and intense diffrac-
tion peak indicates a high degree of crystallinity,
reflecting the strong and compact structure typi-
cal of biomineralized CaCOs frameworks.

The absence of additional reflections indi-
cates that the H. illucens LS is composed almost
entirely of calcite (Ouyang et al., 2024), which is
the most stable polymorph of CaCOs. This crys-
talline stability implies that the CaCOs phase in
the H. illucens LS is structurally persistent and
resistant to chemical transformation under nor-
mal environmental conditions. The regular calcite
lattice also contributes to its mechanical rigidity
and surface stability, both of which are favorable
characteristics for its potential application as a
low-cost and structurally stable sorbent material.

Functional groups

The ATR-FTIR spectra of H. illucens LS
before and after adsorption (Figure 2) show
clear spectral changes, confirming the active

participation of surface functional groups in
heavy metal binding. The broad absorption band
at 3296 cm™’, originating from the stretching vi-
brations of -OH and —NH (functional groups of
chitin), shifts to 3259 cm™, indicating the in-
volvement of hydroxyl and amine groups in co-
ordination or hydrogen bonding with metal ions
(Phasuphan et al., 2019; Zhao et al., 2021). The
appearance of additional peaks at 2164, 2027, and
1965 cm™, evolving from the initial band at 2162
cm™, indicates the formation of new interactions
between carbonyl or amide groups and metal cen-
ters through M—C=0 or M—N bonds. (Table 1).

The shift of the -COO /amide II band from
1393 cm™! to a broader region, 1542—-1614 cm™,
further supports the complexation of carboxylic
and amide groups with metal ions (Zewude et al.,
2022). The slight shift of the C—O/C—O—C band
from 1018 to 1014 cm™' reflects the interaction
between polysaccharide or chitin components
and surface metal species (Zhao et al., 2021).
Furthermore, the emergence of new absorp-
tion bands at 674, 599, and 539 cm™ indicates
metal-oxygen (M—O) vibrations, providing clear
evidence of chemical bonding between the metal
and oxygenated groups (Muharja et al., 2023;
Zhang et al., 2019).

Specific surface area

The BET method revealed that the specif-
ic surface area of the H. illucens LS was 8.099
m?-g!, with a total volume and an average pore
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Figure 1. XRD pattern of H. illucens LS
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Figure 2. FTIR spectrum of H. illucens LS before and after adsorption

Table 1. FTIR peak positions before and after adsorption

No Before (cm™) After (cm™) Functional groups Interpretation
1 3206 3259 _OH, —NH, H-bond Involvement of hydroxyl/amlne groups |n_coord|nat|on
or hydrogen bonding with metal ions.
The formation of new complexes or changes in the
2 2162 2164, 2027, 1965 C=0/C=N chemical environment of carbonyl/amide groups due to
metal coordination.
—COO", amide Il, Involvement of carboxylic/amide groups in the
3 1393 1542-1614 —-CH formation of coordination bonds with metal cations.
4 1018 1014 C-0, C-0-C Interaction betwee_r_] Cc-0 groups in polysaccharides/
chitin and metal ions.
5 | (not clearly visible) 674, 599, 539 (M-0) Conﬁrmatlon_of M-O _complexatlc_)n or strong
physicochemical adsorption.
Changes in the surface inorganic components (native
6 685 — (CaCo0s) Ca?" is replaced/affected by M?*/M**) that support the
ion exchange mechanism.

diameter of 0.010 cm®-g™! and 16.322 nm, respec-
tively. H. illucens LS can be classified as a meso-
porous material because its pore diameter ranges
from 2-50 nm according to the International
Union of Pure and Applied Chemistry (IUPAC)
classification (Rouquerol et al., 1994). The N2
adsorption-desorption isotherm (Figure 3) shows
a type III profile, indicating weak N>—surface in-
teractions and multilayer adsorption at higher
pressures (Sun et al., 2022). Despite its relatively
low BET surface area, H. illucens LS exhibits ef-
fective adsorption performance towards heavy
metal ions. This is because BET analysis reflects
the physical adsorption of N2 rather than the avail-
ability of chemically active sites for ionic species.
In this study, metal adsorption was controlled by

surface complexation mechanisms with functional
groups and ion exchange. The mesoporous struc-
ture primarily facilitates solution diffusion and
accessibility to reactive sites rather than directly
determining adsorption capacity (Motitswe et al.,
2022). Comparison with other CaCOs materials
(Table 2) shows that the surface area of H. illucens
LS is comparable to or slightly higher than that
of similar biomineral matrices, further supporting
that adsorption efficiency is controlled by surface
chemistry rather than physical surface area alone.

Morphology

The SEM micrographs of the H. illucens LS
before and after adsorption (Table 3) show an
irregular microstructure composed of compact
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Table 2. Comparison of the surface area of the present biosorbent with previously reported

Materials Surface area (m?/g) | Pore volume (cm?®/g) | Pore diameter (nm) References
Shrimp shells 5.027 0.0310 38.160 (Misran et al., 2025)
Giant mud crab 26.400 0.1150 23.100 (Mohd Faizal et al., 2024)
Freshwater mussel shells 1.450 0.0002 - (Van et al., 2019)
Biochar-NH, of watermelon peels 12.260 0.0120 5.940 (El-Nemr et al., 2024)
Oyster shell 2.160 0.0067 - (Hussain et al., 2025)
Chicken eggshell powder 0.692 0.0010 3.597 (Praipipat et al., 2023)
H. illucens LS 8.464 0.0101 2.393 This study

74 —o— Adsorption
—o— Desorption

Volume STP (cc/g)
N
1

O T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Relative Pressure (P/Po)

Figure 3. N, adsorption-desorption isotherm
of H. illucens LS

plate-like particles and fibrous fragments, char-
acteristic of biogenic mineral-organic com-
posites (Van et al., 2019). The surface exhibits
a heterogeneous texture with both dense and
porous regions, indicating a well-integrated
matrix between mineralized calcium carbon-
ate domains and carbonaceous organic mat-
ter derived from the larval exoskeleton. Such
structural complexity provides a high surface
heterogeneity that can favor metal ion interac-
tion through various active sites. After adsorp-
tion, the surface morphology appears slightly
rougher and more compact, suggesting the par-
tial occupation of surface pores and the attach-
ment of heavy metal ions on the shell matrix, in
line with the EDX results.

Complementary EDX analysis (Figure 4)
confirms the composite nature of the material.
The pristine H. illucens LS consists mainly of
carbon, oxygen, and calcium, accompanied by
minor elements such as Mg, P, S, and K. This
composition aligns with a CaCOs—protein/chitin
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hybrid matrix, in line with XRD result. After
exposure to the multi-metal solution, new peaks
corresponding to Fe, Cu, and Pb emerge, verify-
ing the successful immobilization of heavy metal
ions on the surface. The decrease in Ca alongside
the persistence of a high carbon fraction suggests
that adsorption predominantly occurs via surface
complexation and coordination with functional
groups rather than through extensive ion ex-
change with calcium. In addition, the increased
nitrogen content after adsorption reflects the con-
tribution of organic moieties, likely amine or am-
ide groups, in metal binding.

The elemental mapping images (Figure 5)
show a uniform and intense Ca distribution across
the shell surface, confirming the homogeneity of
the mineral matrix. Meanwhile, Fe and Pb signals
are evenly dispersed throughout the surface rather
than localized in isolated regions, evidencing that
the adsorbed metals are well distributed across
the biosorbent surface. This uniform dispersion
supports the hypothesis that metal uptake occurs
through surface complexation or electrostatic
interaction at multiple active sites rather than
through bulk precipitation.

The three-dimensional reconstruction of the
H. illucens LS (Figure 6) reveals a highly po-
rous and irregular surface with interconnected
voids that form a continuous open framework,
obtained using a previously reported method
(Setiawan et al., 2026b). Quantitative volumet-
ric analysis (Table 4) shows that the porosity
before adsorption was 70.38%. After adsorption
of mixed heavy metals (Pb, Cu, and Fe), the po-
rosity drops to 64.65%, indicating a measurable
reduction of approximately 8%. This decline
demonstrates that metal ions were successfully
immobilized on the biosorbent surface, partially
filling or coating the internal pores and thereby
reducing the overall void fraction. The narrow-
ing of pore channels suggests that adsorption
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Table 3. SEM images of the H. illucens LS biosorbent before and after heavy-metal adsorption
at various magnifications

Mag Before adsorption After adsorption
1000x
SEl 20KV WD10mm SSSEI ‘ X1.000 10pm [E— SEl  20kV WD10mm VSS‘;D 10pum —
ERPADU UNDIP 15 Jan 2024 LAB.TERPADU UNDIP 15 Jan 2024
2000x
SEl  20kV WD10mm  SS30 x2.000 _ SEl  20kV WD10mm  SS530 o —l
LAB.TERPADU UNDIP 15 Jan 2024 LAB.TERPADU UNDIP _ 15 Jan 2024
5000x
SEl  20kV WD10mm  SS30 TP SEl  20kV WD10mm  SS20 e o
LAB.TERPADU UNDIP 15 Jan 2024 LAB.TERPADU UNDIP 15 Jan 2024
10000x
SEl 20KV WD10mm  SS30 X10.000 1pm T SEl 20KV WD10mm  S830 x1|l..[}00 J—
LAB.TERPADU UNDIP 15 Jan 2024 LAB.TERPADU UNDIP 15 Jan 2024
primarily occurred through surface deposi- well-connected porous network, implying that

tion and interaction at accessible sites, rather its structural framework remained intact and
than through deep structural changes. Despite capable of facilitating ion diffusion and multi-
the decrease, the H. illucens LS maintained a  metal adsorption processes efficiently.

63



Journal of Ecological Engineering 2026, 27(5), 57-73

Element Weight% Atom% @

€ 30,26 40,33
o 52,15

g 52,18
210099 Na 013 0,09
¥

Mg 1,10 072

Al 0,16 0,09

Counts.

0,81 0,42

CaKb
~

s 0,15 0,08

2Ka AlKa
PKa SKa sKb

K 0,28 0,12

5,97

NaKa

ca 14,94

1 T T T T
6.00 9.00 12.00 15.00 18.00

3.00

21.00
keV

Counts

2400

1500 —

s
% Element Weight%  Atom% (b)
2100
g . c 32,50 4491
1800473 o 36,40 37,75
G 2 7
=} N 9,18 10,88
o}
<
el

PKa POMZ pyis

b
PbMr
CdLa CdLb vy, POM3-O POM2N

1200 —

SiKa

PbMa ppM|

900 —

MgKa

600 —

PbLa
3

300

T T
12.00 18.00

3.00

15.00 21.06

keV

Figure 4. EDX spectra of the biosorbent (a) before and (b) after heavy metals adsorption
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Figure 5. Dispersed heavy-metal species on the biosorbent after adsorption

Preliminary selectivity test of the biosorbent

This analysis aims to determine the selec-
tive adsorption behavior of the biosorbent and
identify which metal ion is preferentially cap-
tured under the tested conditions. The results
are presented in Figure 7. Selectivity tests on
multi-metal systems show that Pb(Il), Cu(Il),
and Fe(Ill) are the most dominant ions ad-
sorbed, reflecting the ability to form more stable
coordinative interactions with active groups in
the protein-chitin-melanin matrix. The stabil-
ity of the complex allows the metal to dominate
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high-energy sites and maintain its attachment
despite competition with other ions. In contrast,
Cd(1I), Cr(III), Hg(Il), and Zn(II) show lower
adsorption capacities because the interactions
formed tend to be weak, hampered by a larger
hydration radius, lower effective charge densi-
ty, or a tendency to form less stable complexes,
which are easily displaced during competition.
This pattern confirms that the natural biopoly-
mer structure of the H. illucens LS exhibits an
intrinsic selective response, enabling it to pri-
oritize high-affinity ions under complex heavy-
metal mixture conditions.
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Table 4. 3D SEM-based porosity parameters before
and after adsorption

Material Parameter Value Unit
Volume total 1.0x 10| m?
Solid volume (V solid) | 4.0 x 10° | m?
Before adsorption -
Pore volume (V pori) | 9.0 x 10° | m?
Porosity 70.38 %
Volume total 1.0x 10| m?
Solid volume (V solid) | 4.0 x 10° | m3
After adsorption
Pore volume (V pori) | 8.0 x 10° | m?
Porosity 64.65 %

Competitive adsorption mechanisms of
heavy metals

The removal efficiency of three types of heavy
metal ions (Pb, Fe, and Cu) by H. illucens LS bio-
sorbent at various contact times is shown in Fig-
ure 8. The biosorbent exhibits very high selectiv-
ity for Fe, with removal efficiencies approaching
100% over all contact times. This indicates that
the active sites on the biosorbent have a strong
affinity for Fe, resulting in a very rapid adsorp-
tion process that is largely unaffected by contact
time. For Pb, the adsorption efficiency was also
high, with a relatively stable increase over time,
indicating that Pb can be effectively bound by the
biosorbent. Conversely, Cu exhibited very low
adsorption efficiency, indicating that the biosor-
bent has very limited affinity for Cu. However,
Cu ions began to be significantly adsorbed only
after most of the active sites were dominated by
Fe and Pb, when the adsorption process of both
ions had approached saturation.

wd=Q

wdea

Adsorption of heavy metal ions depends on
the physical and chemical properties of the metal
ions, such as the hydrolysis constant and the hy-
drated ion radius. The lower the hydrolysis con-
stant of a metal ion, the more readily it is adsorbed
(An et al., 2024). The hydrolysis constants of the
three ions are respectively Fe(III)<Pb(II)<Cu(II),
Fe(Ill) is significantly lower than Pb(Il) and
Cu(Il). For homogeneous metal cations, the
smaller the hydration radius, the easier it is to dif-
fuse through the boundary layer to the surface of
the adsorbent. The hydration radius of Fe(IIl) is
0.268 nm (Zhibo et al., 2018), Pb(I) is 0.401 nm
(Radovanovic et al., 2023), and Cu(Il) is 0.419
nm (Bowron et al., 2013). The hydration radius
value indicates resistance to increasing mass, the
smaller the value, the more likely ion exchange
reactions occur, this explains the higher adsorp-
tion of Fe(III) and Pb(II).

The adsorption behavior of Pb(II), Cu(Il),
and Fe(IIl) on H. illucens LS without activation
is controlled by a synergy of several mecha-
nisms originating from the CaCOs—chitin—pro-
tein—melanin matrix (Figure 9). As supported
by the FTIR and EDX results discussed previ-
ously, the metal immobilization process does
not occur through a single mechanism, but rath-
er through a combination of ion exchange, sur-
face complexation, outer-sphere interactions,
and the contribution of physical adsorption in
the mesopores. lon exchange occurs partially
through the substitution of Ca*" and Mg?** cat-
ions by heavy metal ions, especially Pb(Il) and
Fe(Ill), which have higher binding affinities,
as evidenced by the significant decrease in Ca
and Mg contents after adsorption (Ztotko et al.,
2021). Meanwhile, surface complexation plays

(b)

Figure 6. 3D representation of porous structure of H. illucens LS biosorbent before (a) and after (b) adsorption
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Figure 8. Removal of Pb-Cu-Fe during adsorption tests by H. il/lucens LS biosorbent

a crucial role in determining selectivity, where
the —OH, —C=0, and —NH: functional groups of
chitin, protein, and melanin act as ligand donor
sites, as evidenced by FTIR results after adsorp-
tion, as well as the order of preferential adsorp-
tion results of Fe(IIl) > Pb(Il) > Cu(Il). Fe(IlI)
with the highest charge density can act as a hard
Lewis acid, thus exhibiting a strong affinity
for hard base donor groups such as —OH and
—COO, leading to rapid adsorption (Alfarra et
al., 2004). Pb(Il) and Cu(Il), which are classi-
fied as borderline acids, exhibit weaker interac-
tions with these functional groups.

In multi-metallic systems, competitive ad-
sorption further enhances this selectivity, as
Fe(III) and Pb(II) preferentially occupy high-af-
finity sites, thus limiting the availability of bind-
ing sites for Cu(Il) and resulting in delayed and
lower adsorption. At near-neutral pH conditions
without special adjustment, the metal immobi-
lization process likely involves a combination
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of surface adsorption and local hydroxylation
interactions at the biosorbent interface, with-
out the formation of macroscopic precipitation
in solution that cannot be completely separated,
but still contributes to the binding of metals to
the H. illucens LS matrix.

Kinetic study

In general, the adsorption process proceeds
through three main stages: (1) film diffusion on
the adsorbent surface, (2) intra-particle diffusion,
and (3) adsorption on active sites within the pores.
The duration required for each stage contributes to
the overall rate of the adsorption process (Li et al.,
2019). As shown in Figure 10, the kinetic charac-
teristics of Fe(Ill) and Pb(Il) adsorption by H. il-
lucens LS were analyzed and compared, while ki-
netic data for Cu(II) could not be obtained because
its adsorption process had not reached equilibrium
within the studied time span (see Figure 8). In the
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initial stage of adsorption, the adsorption capaci-
ties of both ions increased sharply. For Fe(IlI), the
adsorption capacity reached saturation early on
and thus did not show a significant increase with
increasing contact time, indicating rapid adsorp-
tion. In contrast, Pb(II) adsorption showed a grad-
ual increase in capacity and reached equilibrium
after approximately 6 hours. This pattern confirms
that Pb(Il) adsorption proceeds through two stag-
es: a rapid adsorption stage followed by a slow
adsorption stage.

Pseudo-first-order (PFO) and pseudo-second-
order (PSO) adsorption kinetic models were used
to model the adsorption of Fe(Ill), Pb(Il), and
Cu(Il) by H. illucens LS, with the aim of evalu-
ating the rate-controlling steps of adsorption. The
obtained kinetic parameters are presented in Table
5. The modeling results show that Fe(IIl) adsorp-
tion follows the PFO model with an R? value of
1 and low sum of squared errors (SSE) and root
mean square error (RMSE) values. The calculated
Qe value (Qe:) is also identical to the experimental
value (Qexp), indicating that the Fe(III) adsorption
rate is mainly controlled by the rapid initial stages,
such as external diffusion and active surface ac-
cessibility. In contrast, Pb(Il) adsorption showed
almost the same fit to both models, so the kinetic
models were not sensitive enough to distinguish
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Figure 9. Multi-metal adsorption mechanism

the adsorption mechanisms in this system. This
condition is likely caused by competition between
metal ions that affect surface interactions. The rate
constant K value in the PFO model indicates that
Fe(III) adsorption occurs faster than Pb(Il), and a
similar trend is also shown by the K. value in the
PSO model. This finding is consistent with the ad-
sorption pattern in Figure 8 and is in line with the
factors previously explained.

Although the adsorption kinetics follow a
pseudo-first-order model, this does not imply
purely physical adsorption. Kinetic models de-
scribe the rate-limiting step, which in this case
is dominated by rapid initial interactions such
as electrostatic attraction and external diffu-
sion. FTIR analysis indicates that, upon reaching
equilibrium, heavy metal ions form coordinative
bonds with surface functional groups, confirming
the involvement of chemisorption. Thermody-
namic analysis further supports the spontaneous
nature of the process, with negative Gibbs free
energy values reflecting the combined contribu-
tions of physical adsorption, ion exchange, and
surface complexation. Therefore, the adsorption
of Fe(IlI), Pb(Il), and Cu(Il) onto H. illucens LS
proceeds via a hybrid, multi-step mechanism
rather than a single adsorption pathway.
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Table 5. Kinetic parameters for the adsorption

Pesudo first-order Pseudo second-order
Heavy Q_ (mglg)

metals [ Rex Qe, K, R? sse | RSME | Qe, K, R? sse | RSME

(mg/g) | (min™") (mg/g) | (mg/g) |(g.mg 'min~") (mg/9)

Fe 7.63 7.63 0.131 1 0.020 0.054 5.97 5.53693 0.88664 | 15.865 1.505

Pb 9.14 9.09 0.052 |0.99989 | 0.837 0.345 9.19 0.01378 0.99998 | 0.099 0.119

Cu - - - - 38.034 | 2.330 - - - 38.034 2.330
12 oro o monolayer coverage. However, as metal concen-
——Pso 9 tration increases, additional adsorption occurs on

+

Adsorption capacity (mg/g)
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Figure 10. Effect of contact time on the adsorption
different heavy metals

Isotherm and thermodynamic study

Isothermal models such as the Freundlich
and Langmuir models were applied to simulate
data from experiments, and the correlation coef-
ficient (R?) (Table 6). Although relatively high R?
values were obtained for the Langmuir model,
the Freundlich model provided a consistently
better fit for Fe(IIl), Cu(Il), and Pb(Il), indicat-
ing adsorption on energetically heterogeneous
surfaces rather than ideal monolayer coverage
(Vigdorowitsch et al., 2021). The suitability of
the Freundlich model is further supported by the
Freundlich intensity parameter (n), which reflects
adsorption favorability and surface heterogene-
ity. The obtained n values (>1) indicate favorable
adsorption and confirm the presence of multiple
binding sites with different affinities. This behav-
ior is consistent with the complex biopolymeric
composition of H. illucens LS, consisting of chi-
tin, protein, and melanin, which provides a wide
distribution of electron-donor functional groups.
The relatively good fit of the Langmuir model
suggests that, at low to intermediate metal con-
centrations, adsorption may initially proceed via
site-specific interactions approaching localized
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lower-energy sites, resulting in a multilayer or
non-uniform adsorption process better described
by the Freundlich model. This combined isotherm
behavior implies a mixed adsorption mechanism,
where surface complexation dominates at high-
affinity sites, followed by secondary interactions
on heterogeneous domains. The maximum ad-
sorption capacities presented in Table 7 further
confirm that, even without chemical or thermal
activation, the shell of H. illucens larvae func-
tions as a naturally optimized biosorption matrix.
The tightly bound network of chitin, protein, and
melanin forms a stable and functional structure
that facilitates effective metal binding, distin-
guishing it from conventional chitin materials
that require extensive purification or activation
to achieve comparable performance (Khayrova et
al., 2021; Pedrazzani et al., 2024).

The thermodynamic parameters obtained
from the adsorption process are presented in Table
8. Thermodynamic parameters provide further in-
sight into the nature of the bond energies formed
(Setiawan et al., 2026). The negative AH values
for all three metals indicate that the adsorption
process is exothermic, resulting in the release of
energy for metal-surface interactions, consistent
with the formation of stable surface complexes.
The AG values reveal essential differences be-
tween the metals: Fe(I1I) and Pb(Il) exhibit nega-
tive AG at all temperatures, indicating that their
adsorption is spontaneous and thermodynamical-
ly favorable. Conversely, Cu(Il) shows a positive
AG, suggesting that its adsorption is non-sponta-
neous and energetically less favorable, requiring
specific mechanisms, such as local interactions
with functional groups or external energy assis-
tance, to proceed. The negative AS values for all
metals indicate a decrease in the entropy of the
system, which can be interpreted as the formation
of a more ordered complex structure on the sur-
face, in line with the metal-ligand coordination
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Table 6. Isotherm parameters of Langmuir and Freundlich model for the adsorption

Heavy TK) Langmuir constants Freundlich constants
metals Q,,, (mg/g) K, R? n K, R?
308 15.7 0.0156 0.91759 1.0088 0.1877 0.99951
Fe 318 16.2 0.0160 0.88398 1.0339 0.1848 0.98823
328 17.03 0.0168 0.84417 1.1265 0.1597 0.99851
308 15.16 0.01513 0.93562 0.8931 0.2324 0.99708
Cu 318 15.41 0.01536 0.92871 0.9146 0.2264 0.99681
328 15.55 0.01547 0.92263 0.9855 0.1948 0.99884
308 9.42 0.00836 0.77447 1.1591 0.0508 0.7924
Pb 318 9.62 0.00779 0.53033 1.3330 0.0329 0.5688
328 9.80 0.00881 0.72864 2.1459 0.0056 0.9495

Table 7. Comparison of adsorption capacities in multi-ion heavy metal systems

No Adsorbents Adsorption capacity (mg/g) References
Fe(lll) Pb(ll) Cu(ll)
1. |Flyash 0.19 0.01 0.27 (Hamed and Abdallah, 2024)
2. | Norway spruce wood residue (NSWR) N/A 6.30 7.90 (Al-Labadi et al., 2025)
3 | AC waste rubber tire N/A 9.68 12.43 (Cherono et al., 2021)
4. | Ceramic sorbent N/A 2.26 2.29 (Zhu et al., 2021)
5 | Treated shrimp shell waste (TSSW) N/A 15.32 22.67 (Boddu et al., 2022)
6 |Activated orange peels (AOP) 9.11 N/A N/A (Adebayo et al., 2016)
7 Qf]t'g"féi‘t’ z_f’crft]’ﬁg; Ze:rﬁi,gg? recyclable N/A 1.34 1.07 (Cao et al., 2019)
8 gggi‘;;ft?of‘arbon residue from biomass 21.00 N/A 23.00 (Runtti et al., 2014)
9 H. illucens LS 17.03 9.80 15.55 This study
Table 8. The thermodynamic parameters for heavy metals adsorption
Adsorption AH_(J/mol) AS (JImol-K) R? AG (Jfmol)
processes 308 318 328
Fe -5455.55 -3.133 0.99251 -4490.49 -4459.16 -4427.83
Cu -2209.27 -14.265 0.91618 2184.42 2327.07 2469.72
Pb -6626.55 -6.680 0.32384 -4568.95 -4435.34 -4435.34

process that binds hydrated water molecules and
rearranges organic functional groups.

Cost analysis

The cost of an adsorption system is a criti-
cal factor determining the feasibility of the pro-
cess, especially in remote areas and low-income
countries. Cost-effectiveness is highly dependent
on the cost of the adsorbent. Several previous re-
ports have identified the cost of adsorbent synthe-
sis based on its origin and the number of modifi-
cation steps required (Muharja et al., 2022). One

strategy to minimize costs is the use of adsorbents
from with little or no preparation steps (Dehghani
et al., 2023). This approach specifically reduces
potential environmental and economic problems,
in line with this study’s use of waste with process
minimization. The estimated cost to produce 1 kg
of adsorbent in this study was calculated by con-
sidering the amount of material and energy con-
sumption, as shown in Table 9.

A material can be categorized as low cost if
its preparation cost is less than 1 US dollar per
kilogram (Kumar et al., 2019), therefore the ad-
sorbent in this study is low-cost. The comparison
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Table 9. Cost estimation for 1 kg biosorbent production

Component Quantity Cost (IDR) Cost ($USD)
H. illucens LS waste 19 - -
Distillate water 1L 5000 0.300
Energy for drying 1.8 kWh 2400 0.140
Total 7400 0.440
Other overhead costs 10% of total cost 740 0.044
Total cost 8140 0.484
Table 10. Cost comparison between biosorbent product in this study with other adsorbent
Adsorbent Target pollutant Adsorption capacity Cost ($/kg) References
High chitosan-polyvinyl alcohol 230.91 and
(CSPVA) Cu and Fe 71.48 mglg 1,435 (Patel et al., 2025)
Activated carbon from waste cherry | o, g cger N/A 41.92 (Vukelic et al., 2018)
kernels
Magnetic Juglans Regia shell cuz 16.83 mg/g 1.89 (Isaac et al., 2023)
biochar
Modified canola straw biochars As(V) 848 glg 5.14 (Norbzeo";%)et al,
Rice straw-based biochar Sr(ll) 687.8 umol/g 0.56+0.02 (Younis et al., 2020)
Pb(ll), Cu(ll), and 9.80, 15.55, and )
H. lllucens LS Fe(lll) 17.03 mg/g 0.484 This study

of adsorbent costs in Table 10 shows that engi-
neered adsorbents such as CSPVA offer high ca-
pacity, but are very expensive and therefore less
suitable for large-scale applications. In contrast,
biomass and agricultural waste-based adsorbents,
such as biochar from rice straw or Juglans regia
shells, have a much lower cost with varying ca-
pacities depending on the type of modification.
H. illucens LS from this study displayed adsorp-
tion performance comparable to other adsorbents
(9.80-17.03 mg/g) but with the lowest production
cost, making it a very economical and potential
option for large-scale water treatment, especially
in low-income areas.

CONCLUSIONS

This study demonstrates that H. illucens
LS can function as an effective and selective
unactivated biosorbent for mixed heavy metal
wastewater. The heterogeneous protein—chi-
tin—melanin matrix provides diverse functional
groups that govern adsorption selectivity, re-
sulting in a preferential uptake order of Fe(Ill)
> Pb(II) >> Cu(ll), driven primarily by charge
density and competitive surface complexation
rather than surface area. Kinetic, isotherm,
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and thermodynamic analyses indicate a hybrid
adsorption mechanism involving rapid physi-
cal uptake followed by stronger surface coor-
dination, particularly for Fe(Ill) and Pb(II).
It should be noted that the experiments were
conducted under near-neutral pH without ac-
tive control, where metal immobilization may
involve coupled adsorption-hydrolysis pro-
cesses at the biosorbent interface. Future stud-
ies should therefore evaluate pH effects, re-
generation, and continuous-flow performance.
Overall, H. illucens LS represents a low-cost,
green, and practically viable biosorbent that en-
ables sustainable valorization of insect-farming
waste for multimetal wastewater treatment.
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