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ABSTRACT

ARTICLE INFO

This study focuses on the utilization of matoa fruit shell waste, which
contains cellulose, as a potential biosorbent for binding heavy metals in
solution. The study aims to examine the ability of matoa fruit shell
powder (Pometia pinnata) as a biosorbent in removing lead (II) ions
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from solution and to analyze adsorption characteristics through kinetic
studies. The research methods included biosorbent activation using
NaOH at activation ratios of 111, 1:2, 1:3, 1:4, and 1:5 (w/v). The adsorption
process was conducted with variations in parameters, including
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biosorbent dose, pH, and contact time. Characterization was performed Biosorbent
. . . . Lead (II) Ions
using FTIR to determine functional groups, SEM-EDS to examine .
- Matoa Fruit Shell
surface morphology and elemental composition, and ICP-OES to .
NaOH Activation

determine lead concentration in the solution. Kinetic analysis employed
first-order  pseudo-kinetic, second-order  pseudo-kinetic, and
intraparticle diffusion models. FTIR analysis results indicated the
involvement of hydroxyl (-OH) and carboxyl (-COO") groups in the lead
(1) ion binding process. The results of the study indicate that optimal
adsorption conditions were achieved at a dose of 0.05 grams, a pH of 6,
and a contact time of 60 minutes, with an adsorption efficiency of
90.76% and an adsorption capacity of 27.59 mg/g. The most suitable
kinetic model was the pseudo-second-order model (R* = 0.9999),
indicating a chemisorption mechanism.
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1. INTRODUCTION

Indonesia Indonesia is a country with immense biodiversity, one of which comes from the
matoa plant (Pometia pinnata), which belongs to the Sapindaceae family. This plant is endemic to
Irian Jaya and Papua, but has now spread widely to various regions of Indonesia such as Sumatra,
Java, Kalimantan, Sulawesi, Sumbawa Island (NTB), and Maluku [1]. Matoa consists of three
cultivars based on skin color: green matoa (Emme Anokhong), yellow matoa (Emme Khabelaw), and
red matoa (Emme Bhanggahe). These three cultivars share similar morphological characteristics.
Research conducted by Yuniastuti et al. (2023) showed that DNA band pattern analysis using the
RAPD method revealed that green and yellow matoa are genetically closer, with a coefficient of 0.698,
while the greatest genetic distance is between yellow and red matoa, with a coefficient of 0.566 [2].

The matoa plant has long been used by Asian peoples, particularly in Papua, Malaysia, and
Indonesia, as a traditional medicine [3]. Research on phytochemical screening of a 96% ethanol
extract from matoa leaves revealed the presence of alkaloids, flavonoids, tannins, steroids, and
triterpenoids [4]. Some of the reported benefits of the matoa plant include treatment for burns,
stomach disorders, diarrhea, dysentery, muscle, bone, and joint pain, as well as for the common cold,
flu, and diabetes [3]. Research conducted by Pakaya et al. (2021) examined the use of matoa fruit peel
waste as a herbal mouthwash for the prevention of dental caries [5]. Meanwhile, Faustina and Santoso
(2014) had previously utilized matoa fruit peel for extraction and the assessment of antioxidant and
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antimicrobial activities [6]. However, the utilization of matoa fruit peel remains limited to this day and
is often simply discarded as waste. Matoa fruit peel has the potential to serve as a biosorbent for heavy
metal waste, particularly lead. This study focuses on the utilization of green matoa fruit peel because it
is easier to obtain and widely found in Perawang Subdistrict, Siak Regency, Riau, which constitutes
the study area.

Currently, various types of biosorbents have been developed to adsorb heavy metals. One such
method utilizes cellulose, which possesses active functional groups capable of binding with lead metal
ions [7]. Matoa fruit peel is known to have a fairly high cellulose content, around 50.6%, even
exceeding the cellulose content in other materials such as rice straw (27% — 34%) and sugarcane
bagasse (36% — 40%) [8]. This high cellulose content indicates that matoa fruit peel has potential as a
raw material for biosorbent production because it contains a large amount of carbon. The higher the
carbon content, the better a material’s ability to function as a biosorbent [9].

Adsorption is a process in which an adsorbate accumulates on the surface of an adsorbent
(biosorbent) due to attractive forces, whether through physisorption or chemisorption [10]. According
to Hughes & Poule (1984), the adsorption process via ion exchange and complexation occurs only on
the surface layer of cells that possess sites with charges opposite to those of heavy metal ions,
resulting in passive and relatively rapid interactions [11]. The adsorption method is used because it
offers advantages, such as relatively low cost, relatively high adsorption effectiveness and efficiency, a
simple process, and no side effects in the form of toxic substances [12]. Faza (2021) used matoa fruit
peel as a biosorbent activated with 1 M nitric acid, varying pH, contact time, and concentration. The
results of the characterization of the optimal activated carbon in this study according to SNI 06-3730-
1995 showed an average moisture content of 3.92%, ash content of 1.17%, and an iodine adsorption
capacity of 507.64 mg/g with an adsorption efficiency of 95.9557% and a cadmium adsorption
capacity of 59.75 mg/g at a concentration of 20 ppm, pH 9, and a contact time of 40 minutes [13].

The activation process aims to increase or develop the volume and diameter of existing pores
and also create new pores [14]. Activation not only increases the specific surface area of the pores and
their active sites but also dissolves impurities in the material, thereby opening the pores further. This
results in an increase in the specific surface area of the pores and an increase in the adsorption capacity
of the biosorbent. The activation process can be carried out by applying chemical treatments such as
the addition of acidic or basic compounds [7]. Research conducted by Rahman & Ishar (2023)
activated matoa leaves with citric acid to adsorb Fe (111) metal; results were obtained under optimal
conditions of pH 8, a contact time of 120 minutes, and a dose of 50 mg, achieving an efficiency of
78.43% [7]. Other studies, such as that conducted by Hanifah et al. (2024), activated white jabon fruit
charcoal with NaOH to adsorb mercury (Il) ions in water. The results showed that under optimal
stirring conditions of 80 rpm during adsorption, an adsorption efficiency of 99.78% and an adsorption
capacity of 0.9641 mg/g were achieved [15].

Based on this description, a study was conducted to determine the adsorption efficiency and
capacity of NaOH-activated matoa fruit shell powder toward lead metal by varying adsorption
parameters namely biosorbent dose, solution pH, pH,., and contact time so that the adsorption process
of lead (I1) ions in the solution could reach optimal conditions.

2. RESEARCH METHODS

2.1. Preparation of Matoa Fruit Shell Samples

The samples used in this study were matoa fruit shells collected from Perawang Village,
Tualang Subdistrict, Siak Regency, Riau Province. The matoa fruit shells were washed with distilled
water until clean and dried under sunlight. The matoa fruit shells were ground using a chopper, then
sieved using a 100-mesh sieve and retained on a 200-mesh sieve to obtain a homogeneous particle
size, making them easier to process further during the activation stage.

2.2. Activation of Matoa Fruit Shells

The prepared samples were then activated using a 1 M NaOH solution with varying mass
ratios of powder to NaOH solution, namely (1:1, 1:2, 1:3, 1:4, and 1:5) (w/v) in 250 mL beakers. For
example, for each treatment, 30 grams of powder was used, so the volumes of NaOH solution used
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were 30 mL, 60 mL, 90 mL, 120 mL, and 150 mL, respectively. The mixtures were stirred using a
stirring rod for approximately 5 minutes and left to stand for 24 hours at room temperature. Afterward,
each sample was washed with deionized water until the solution’s pH became neutral, then filtered
using Whatman No. 42 filter paper. The samples were then dried in an oven at 100+5°C for 24 hours
and subsequently cooled in a desiccator. The dried samples were ready for characterization using FTIR
and SEM-EDS and ready for application as biosorbents in the adsorption of lead(l1) ions in solution.

2.3. lodine Adsorption Capacity Test

A sample of matoa fruit shell powder was oven-dried at 100+5°C for 1 hour, then cooled in a
desiccator for 30 minutes. A 0.5-gram sample was placed in a beaker containing 50 mL of 0.1 N
iodine solution. The mixture was stirred using a magnetic stirrer for 15 minutes, then allowed to stand
for 1 hour. The mixture was centrifuged for 15 minutes at 3000 rpm. A 5 mL aliquot of the
supernatant from the centrifugation was taken for titration with 0.1 N Na2S:Osuntil the solution turned
pale yellow, then 1 mL of 1% starch solution was added as an indicator. Next, the titration was
repeated until the observable endpoint was reached, marked by the disappearance of the blue color in
the solution. The adsorption capacity of matoa fruit shells for iodine was calculated using Equation

(-

Adsorbed iodine (%2) = X 200/ (1)

where V; is the volume of the analyzed iodine solution (ml), ¥, is the volume of sodium thiosulfate
solution required (mL), N; is the normality of iodine (N), N, is the normality of sodium thiosulfate
(N), W is the sample weight (@), and fp is the dilution factor.

2.4. Determination of the Optimal Biosorbent Dose

Samples were weighed with varying biosorbent masses of 0.01; 0.025; 0.05; 0.075; 0.1; 0.25;
0.5; 0.75, and 1.0 grams and mixed into 50 mL of a 20 ppm lead simulation solution. The mixture was
stirred using a magnetic stirrer at 150 rpm for 60 minutes, then allowed to stand for 15 minutes. After
that, the mixture was filtered using Whatman No. 42 filter paper. The filtrate was analyzed using ICP-
OES.

2.5. Determination of Optimum pH and pH .

The determination of the optimum pH was performed as follows. A sample was weighed to
match the mass of the optimum biosorbent obtained and then mixed into 50 mL of 30 ppm lead
simulation solution with varying pH values of 5, 6, 7, and 8. The mixture was stirred using a magnetic
stirrer at 150 rpm for 60 minutes and then allowed to stand for 15 minutes. After that, the mixture is
filtered using Whatman No. 42 filter paper. The filtrate is analyzed using ICP-OES.

The determination of the pH point of zero charge (pHpzc) was performed as follows. Twenty
milliliters of 0.1 M NaCl solution was added to five separate 50 mL beakers with pH values of 3, 4, 5,
6, and 7. The pH of the solutions was adjusted using 0.1 M HCI and 0.1 M NaOH. Then, 0.1 grams of
the sample was added to each solution and stirred using a magnetic stirrer at 150 rpm for 15 minutes.
The mixtures were allowed to stand for 24 hours. The initial pH and final pH of each solution were
measured, and a curve was plotted showing the relationship between ApH (pH change) versus
pHO(initial pH). The pHpzc value for matoa fruit shell powder was obtained when ApH = 0. The
measurement results were processed and interpreted in the form of tables and graphs using Microsoft
Excel.

2.6. Determination of Optimum Contact Time

Samples were weighed to the optimum mass obtained and then mixed into 50 mL of 30 ppm
lead simulation solution under the optimum pH conditions obtained. The mixtures were stirred using a
magnetic stirrer at 150 rpm for varying durations of 20, 40, 60, and 80 minutes, then allowed to stand
for 15 minutes. Afterward, the mixture was filtered using Whatman No. 42 filter paper. The filtrate
was analyzed using ICP-OES.
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The kinetic analysis of lead(ll) ion adsorption was based on pseudo-first-order, pseudo-
second-order, and intraparticle diffusion reaction Kinetics to determine the interaction between the
biosorbent and metal ions influenced by contact time.

The pseudo-first-order equation is expressed in Equation (2):

4 — ky(ge — qt) )

dt =
Notes:
qe = Adsorption capacity at equilibrium (mg/g)
qt = Adsorption capacity at time t (mg/g)
k, = Pseudo-first-order rate constant (min™)
The pseudo-second-order equation is expressed in Equation (3):

t 1 t

+ @)

qt - k,qe? = qe

Notes:
qe = Adsorption capacity at equilibrium (mg/g)
qt = Adsorption capacity at time t (mg/g)
k, = Pseudo-second-order rate constant (g/mgemin™)
Intra-particle diffusion is described by the Weber-Morris equation (Equation 4):

1
qr = kqt2 (4)

Notes:
q: = Amount of adsorbate adsorbed at contact time t (mg/g)
k4 = Intraparticle diffusion rate constant (mg/gemin™)
t = Contact time between the solute and the biosorbent (minutes)
The % exponent indicates that this model assumes the diffusion process controlling the
adsorption rate is intraparticle diffusion.

3. RESULTS AND DISCUSSIONS

3.1. Characterization of CBM Powder with NaOH Activator Variations

The delignification process allows for the breakdown of the cellulose structure through the
cleavage of glycosidic bonds [16]. This step is carried out using a NaOH solution because this strong
base is capable of degrading the lignin structure. Activation with NaOH can dissolve the hemicellulose
and lignin components of the biomass material, resulting in a more open porous structure. This
significantly increases the active surface area of the biosorbent and enhances its adsorption capacity
[17]. Additionally, NaOH plays a role in generating or increasing the number of functional groups
such as hydroxyl (-OH) and carboxyl (-COQ") on the biosorbent’s surface. These groups are crucial in
the adsorption process as they directly interact with pollutant molecules or ions, whether through ionic
bonding, ion exchange, or electrostatic interactions [18]. The reaction of lignocellulose bond cleavage
by NaOH is illustrated in Figure 1.

The reaction mechanism involves OH™ ions from NaOH breaking the bonds in the basic lignin
structure, while Na" ions bind with lignin to form sodium phenolate. This phenolate salt is highly
soluble [19]. This reaction causes the breaking of hydrogen bonds () connecting lignin to cellulose
and hemicellulose, as well as bonds between lignin and hemicellulose consisting of ether and ester
groups and carbon-carbon bonds, resulting in lignin fragments [20]. Meanwhile, the degradation of
lignin compounds by hydroxide ions from NaOH can be seen in Figure 2.

The lignin degradation reaction mechanism begins with the attack of a hydrogen atom bound
to a phenolic OH group by a hydroxide (OH) ion from NaOH. Subsequently, a double bond forms
between an O atom and a C atom in the phenolic group, and a shift in the conjugated double bond
occurs. This triggers the breaking of the bond in the ether group, causing it to detach as R-OH. The
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presence of dissolved lignin is indicated by the appearance of a dark black solution (black liquor). The
appearance of this black color indicates that the dissolution of compounds containing chromophore
groups—that is, groups with conjugated double bonds—enables the compound to absorb light with
wavelengths ranging from 200 nm to 400 nm (UV) [20].
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Figure 1. Reaction mechanism of lignocellulose bond cleavage by NaOH [20].
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Figure 2. Reaction mechanism of lignin degradation [20].
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3.2. lodine Absorption Test
Characterization of CBM powder at various NaOH activation ratios: 1:1; 1:2; 1:3; 1:4; and
1:5. The characterization results are shown in Table 1.

Table 1. Characterization results of CBM powder at various NaOH activation ratios.

Activator ratio  lodine adsorption capacity (mg/g)  Surface area (m°/g)

1:1 329 27.31
1:2 373 30.96
1:3 177 14.69
1:4 217 18.01
1:5 233 19.34

Based on the results in Table 1, the iodine adsorption capacity at a 1:1 ratio was 329 mg/g and
at a 1:2 ratio was 373 mg/g. This indicates that the higher the ratio of CBM powder to NaOH solution
or, in other words, the more activator used the greater the iodine adsorption capacity, indicating that
occur signifying an increase in the adsorption capacity of the CBM powder. Yuningsih et al. (2016)
revealed that the greater the amount of activator used, the greater the formation of pores, resulting in
increased porosity; this is due to the amount of impregnating agent used during the activation process
[21]. The high iodine adsorption capacity demonstrates the formation of a greater number of
microporous structures. According to Imelda et al. (2019), iodine adsorption capacity correlates with
the surface area of the biosorbent. The higher the iodine number, the greater the surface area of the
biosorbent, thereby increasing its ability to adsorb dissolved substances [22]. An increase in surface
area is proportional to an increase in iodine adsorption capacity; this can be seen in the 1:1 ratio,
which has a surface area of 27.31 m2/g, and the surface area further increases to 30.96 m#/g at the 1:2
ratio.

The highest iodine adsorption capacity in this study was observed at a 1:2 ratio, amounting to
373 mg/g. This value remains relatively low compared to the iodine adsorption capacity required by
SNI 06-3730-1995, which stipulates a minimum of 750 mg/g. The low iodine adsorption capacity may
be influenced by several factors, such as suboptimal activation or soaking processes and the presence
of volatile compounds blocking the pores; therefore, it would be better to follow up with physical
activation using heating to remove the volatile substances blocking the pores, thereby further
improving the iodine adsorption capacity [23].

The mechanism of the iodine adsorption process begins when iodine molecules diffuse
through a layer to the outer surface of the CBM powder, and part of the iodine solution continues to
diffuse into the pores. CBM powder with high iodine adsorption capacity indicates a structure rich in
micro- and mesopores. lodine adsorption capacity analysis was performed using the iodometric
titration method, wherein the iodine solution remaining after adsorption by the CBM powder serves as
the titrand and is titrated with standardized sodium thiosulfate as the titrant, with the reaction
occurring as follows [22]:

105 + 51~ + 6H* — 31, + 3H,0 (5)
12+5203_ _)21_+S406_ (6)

Furthermore, the iodine adsorption capacities at ratios of 1:3, 1:4, and 1:5 were 177 mg/g, 217
mg/g, and 233 mg/g, respectively. These values indicate a decrease in iodine adsorption when the ratio
of CBM powder to NaOH solution exceeds 1:2. The pore surface area of the CBM powder increases
as the amount of added NaOH activator exceeds the 1:2 ratio. However, the formation of excessively
large pores is expected to result in thinner pore walls that become brittle during washing. The
brittleness of the pore walls has the potential to damage the pores, thereby further reducing their
adsorption capacity. This decrease in the iodine number is caused by the addition of a sufficiently high
concentration of NaOH solution, which can damage the formed microporous structure, resulting in a
reduced number of pores and a decrease in pore surface area [24]. The decrease in surface area is
proportional to the decrease in iodine adsorption capacity at a ratio exceeding 1:2; this can be observed
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at ratios of 1:3, 1:4, and 1:5, which have surface areas of 14.69 m2/g, 18.01 m#g,and 19.34 m#/g,
respectively. Therefore, the greater the amount of activator used, the higher the iodine adsorption
capacity; however, excessive use degrades or damages the cellulose, resulting in a decrease in
adsorption capacity [25].

3.3. Morphological Analysis and Elemental Composition of NaOH-Activated CBM Powder
Using SEM-EDS
The SEM characterization results of CBM powder before and after activation using NaOH are
shown in Figure 3 at a magnification of 3000x.

Ym Mog= 3B4EX EHT = 10.00 KV Signol A = SE1 Date: 30 Jan 2026 I Mog: 33BKX EHT = 1000 K  Sgeal A = SE1 Date: 2 Feb 2026
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Figure 3. Surface morphology (a) of CBM powder before activation at 3000x magnification, (b) of CBM powder
after activation at 3000x magnification.
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Figure 4. EDS spectra (a) of CBM powder before activation, (b) of CBM powder after activation.
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Based on the SEM results in Figure 3, point (a) indicates that the surface morphology of the
CBM powder before activation shows a limited number of micropores. Meanwhile, point (b) indicates
that the surface morphology of the CBM powder after activation reveals small voids, indicating the
formation of micropores and an increase in their number. The SEM characterization results indicate
that activation by NaOH significantly influences changes in the morphological structure of CBM
powder, both in terms of pore size and the formation of new pores. According to Evelin et al. (2018),
during the chemical activation stage, the NaOH activator solution can interact with oxide compounds
to erode impurities covering the pores [26]. Research conducted by Anwar et al. (2025) found that the
release of lignin and other impurities by NaOH makes the biosorbent surface more porous, thereby
providing a larger surface area compared to before activation [18]. A larger biosorbent surface area is
known to enhance the biosorbent’s ability to remove metal ions (Pb>") from solutions. A larger surface
area provides more sites for the adsorption of lead (I1) ions.

Table 2. Elemental composition of CBM powder before and after NaOH activation.

Elemental composition (weight%)

Element Before activation  After activation
C 65.14 65.13
o] 33.30 34.87
K 1.56 -
Total 100.00 100.00

The elemental composition of the CBM powder before and after activation was analyzed using
the Energy Dispersive X-Ray Spectroscopy (EDS) method. The elemental composition of the CBM
powder before and after NaOH activation is shown in Figure 4 and Table 2. The elemental
composition before activation was carbon (C) 65.14%, oxygen (O) 33.30%, and potassium (K) 1.56%.
Meanwhile, the elemental composition after activation was carbon (C) 65.13% and oxygen (O)
34.87%. Based on the EDS results, there was no significant change in the carbon and oxygen content;
however, there was a loss of potassium minerals in the CBM powder following NaOH activation. The
reduction in mineral salts may indicate the formation of -COO™ and -OH functional groups on the
biosorbent, thereby potentially enabling it to adsorb more Pb (11) ions [27]. The determination of these
functional groups can be observed in the FTIR analysis.

3.4. FTIR Analysis of Functional Groups in NaOH-Activated CBM Powder

The functional groups of matoa fruit shell powder before activation, after activation, and after
lead adsorption are shown in Table 3.

Table 3. Wavenumbers of CBM powder before activation, after activation, and after lead adsorption.

. Wavenumber (cm™)
Functional groups

Before activation ~ After activation ~ After adsorption Indication
O-H stretching 3319.56 3270.55 3329.05 Cellulose
C—H sp® aliphatic 2921.44 - 2916.93 Cellulose
C-H aliphatic 2851.40 - 2850.98 Cellulose
C=0 aldehyde 1723.93 - - Hemicellulose
C=C stretching aromatic ring 1603.91 - - Lignin
COOH - 1593.02 1627.00 Cellulose
C-H bending 1318.00 1316.15 1315.26 Cellulose
C-O ester 1231.26 - - Lignocellulose
C-O ether 1158.05 1156.10 1158.59 Cellulose
C-0 alcohol 1033.23 1029.61 1031.54 Cellulose
C—H aromatic 756.47 - - Lignin
Pb-O bending - - 698.32 Cellulose-lead

Based on Table 3, the analysis results show a cellulose hydroxyl (-OH) stretching group in the
CBM powder before activation with a wavenumber of 3319.56 cm™, followed by a shift in the
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wavenumber in the CBM powder after activation to 3270.55 cm™ and in the CBM powder after
adsorption to 3329.05 cm™ [27].

Wavenumbers of 2921.44 cm™ and 2851.40 cm™ detected in the CBM powder before
activation correspond to the aliphatic C-H groups of cellulose [27]. Meanwhile, these wavenumbers
were not found in the CBM powder after activation, indicating the loss of aliphatic C-H bonds due to
degradation by NaOH a sign that the activation was successful [27]. The wavenumber 1723.93 cm™
indicates the presence of the aldehyde C=0 carbonyl group from hemicellulose found in the CBM
powder prior to activation [28]. The wavenumber 1603.91 cm™ indicates the presence of the C=C
stretching group of the aromatic ring from lignin in the CBM powder before activation [20].
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Figure 5. IR spectra of CBM powder before and after activation, as well as after lead adsorption.

Spectral analysis was performed using Fourier Transform Infrared (FTIR) for each biosorbent,
as shown in Figure 5. In the CBM powder after activation, a new functional group appeared, marked
by an absorption peak at a wavenumber of 1593.02 cm™ indicating the formation of a carboxylate
group (COOH) [28]. The wavenumber of 1318.00 cm™ in the CBM powder before activation indicates
the presence of C—H bending groups from cellulose; this is consistent with the study by Rambat et al.
(2015), which found a wavenumber of 1319.31 cm™ corresponding to C—H wagging in the bending
category [20]. In the wavenumber range between 1179 — 1261 cm™, the wavenumber 1231.26 cm™ is
suspected to indicate the presence of C—O ester groups in the CBM powder prior to activation [28].
Research conducted by Quiroz et al. (2025) also found an O=C-O group at a wavenumber of 1241.2
cm™ [29]. The wavenumber of 1158.05 cm™ in the CBM powder prior to activation indicates the
presence of a C-O ether group, which corresponds to the C-O stretching vibration of the cellulose
backbone [29].

The wavenumber 1033.23 cm™ in CBM powder before activation corresponds to the C-O
alcohol group of cellulose [28]. The wavenumber 756.47 cm™ in CBM powder before activation
corresponds to the aromatic C—H group found in lignin [30]. The wavenumber 698.32 cm™ is
suspected to be a Pb—-O group formed in the CBM powder after adsorption, indicating that an
interaction has occurred between the CBM powder and Pb?* ions. Arulmozhi & Mythili (2013) also
identified Pb—O groups at wavenumbers of 686 cm™ and 462 cm™ [31].

Adsorption of lead (II) ions using NaOH-activated matoa fruit shell ... (Harahap et al.)



264

3.5. Determination of the Optimal Biosorbent Dose for Lead (I1) lon Adsorption
The effect of biosorbent mass can be seen in the graph showing the relationship between
biosorbent mass and adsorption efficiency in Figure 6.

100
90
g0
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60

S0

Efficiency (

40
30
0 0.025 0.05 0.075 0.1

Dose (grams)

Figure 6. Graph showing the relationship between biosorbent dose and lead biosorption efficiency.

Based on the data in Figure 6, differences in biosorbent mass significantly affect the efficiency
and adsorption capacity of lead (II) ions. As the biosorbent mass increases from 0.01 grams to 0.05
grams, adsorption efficiency increases significantly from 32.67% to 94.55%. Hanifah et al. (2023)
noted that this aligns with the theory that a larger biosorbent mass results in an increased number of
particles and surface area, thereby increasing the number of binding sites for metal ions and improving
adsorption efficiency [32]. Additionally, an increase in biosorbent mass provides a greater number of
active sites available for metal binding [28].

A biosorbent mass of 0.05 grams was selected as the optimal biosorbent mass because it
showed the highest adsorption efficiency value in the graph based on Figure 6, this is because the
remaining lead (1) ion concentration in the solution was the lowest, at only 1.1 ppm, when
equilibrium was reached between the lead (Il) ions and the activated CBM powder during the
adsorption process, indicating that the biosorbent had maximally bound the adsorbate. When the
biosorbent surface is saturated or nearly saturated with the adsorbate, two scenarios may occur: first, a
second and subsequent adsorption layers form on top of the adsorbate already bound to the surface;
this phenomenon is known as multilayer adsorption. Meanwhile, the second scenario involves no
formation of a second or subsequent layers, so the unadsorbed adsorbate diffuses out of the surface
pores and returns to the fluid stream [33].

At a dose of 0.075 grams, the adsorption efficiency remains high at 94.06%, but as the dose
increases, the efficiency decreases, reaching only 18.33% at 1 gram. This decrease in adsorption
efficiency may be caused by overlapping during the adsorption process due to biosorbent
agglomeration, which reduces the surface area of the biosorbent as surface pores are covered by
adjacent biosorbent particles, thereby decreasing the number of active sites [34]. Anwar et al. (2022)
also stated that the decrease in adsorption capacity with an increase in biosorbent mass is caused by
the aggregation of biosorbent particles, which leads to a reduction in surface area. The aggregation of
biosorbent particles also causes the desorption of weakly bound adsorbates from the biosorbent
surface [35].

3.6. Determination of the Optimum pH for Lead (Il) lon Adsorption and Determination of the
pH,.c of NaOH-Activated CBM Powder

The effect of pH can be seen in the graph showing the relationship between pH and adsorption
efficiency in Figure 7.

Based on the graph in Figure 7, it is evident that there is an increase in the amount of lead (1)
ions adsorbed by the CBM powder, as indicated by a rise in adsorption efficiency from 88.62% at pH
510 89.87% at pH 6. The adsorption capacity also showed a value of 26.94 mg/g at pH 5, which then
increased to 27.32 mg/g at pH 6. The low adsorption efficiency and capacity at pH values below 6 are
due to the fact that at lower pH conditions which are too acidic there is a high concentration of H*
ions, leading to competition between H* ions and lead (I1) ions (which are also positively charged) to
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bind with the free electron pairs of the active groups on the biosorbent. Furthermore, lower pH
conditions can cause electrostatic repulsion between CBM powder and lead(ll) ions because the active
groups on the biosorbent surface undergo protonation, resulting in only a small fraction of lead ions
being adsorbed [36].
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Figure 7. Graph showing the relationship between pH and lead biosorption efficiency.

The highest adsorption efficiency and capacity values indicate that pH 6 is the optimum pH in
this study. Deprotonation resulting from the increase in pH up to pH 6 also caused the biosorbent to
undergo a change in the surface charge of the CBM powder, making it more negatively charged and
thus more capable of binding lead (1) ions, which were successfully adsorbed to the maximum extent
by the CBM powder [37]. A gradual increase in pH leads to the formation of complex ions [38].
According to Sihotang (2021), the interaction between metal ions and the -OH groups of cellulose can
occur through a coordination complex formation mechanism because the oxygen (O) atom in the -OH
group has a lone pair of electrons, while the metal ion has an empty d orbital. These unpaired electrons
will occupy the empty orbitals of the metal ions, thereby forming a compound or complex ion [37].

Adsorption efficiency decreases at pH 7 and pH 8, reaching 88.55% and 80.92%, respectively.
This occurs because at higher pH conditions, there are more OH™ ions, leading to precipitation the
formation of Pb(OH): precipitate from the reaction between Pb** ions and OH™ ions. This precipitate
can then cover the pores and active sites on the surface of the CBM powder, thereby hindering the
adsorption process of lead (I1) ions, which causes the adsorption efficiency to decrease [36]. The same
trend is observed in adsorption capacity at pH 7 and pH 8, which decrease successively as pH
increases, reaching 26.92 mg/g and 24.60 mg/g, respectively. Several previous studies using varying
pH parameters reported an optimal pH of 4, consistent with this study. For instance, Zein et al. (2019)
used kapok fruit peel to adsorb lead (I1) ions with a capacity of 223.72 mg/g [38], and Hanifah et al.
(2023) used salak peel to adsorb lead (I1) ions with an efficiency of 93.36% [32], and Sihotang (2021)
used sago palm peel to adsorb lead (1) ions in textile wastewater with an efficiency of 99.91% and a
capacity of 1.5879 mg/g [37].
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Figure 8. pHy, graph for NaOH-activated CBM powder.
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The pHpzcvalue is the pH at which the surface charge of the biosorbent is zero. The pHp,c
value is determined from the intersection point between the straight line of the initial pH curve and
ApH (initial pH — final pH) [39]. The pH,, graph is presented in Figure 8, showing that the pH,
value is at pH 4 because at that pH, the intersection point lies on the x-axis line connecting the initial
pH to ApH. The pH,, condition at pH 4 indicates that at that point, the surface charge of the CBM
powder has an equal number of positive charges as negative charges. If pH < pH,,. (below pH 4), the
surface of the CBM powder is positively charged, resulting in electrostatic repulsion with lead (1) ions
(which are cations), leading to low adsorption capacity. The theory states that at pH values below
PHpzc, the biosorbent surface is dominated by positive charges [40]. When pH > pH,,. (above pH 4),
the surface of the CBM powder is negatively charged, resulting in electrostatic attraction with lead (1)
ions, which increases its adsorption capacity. This is evidenced by the fact that the optimal pH (pH 6)
is higher than pH,,, indicating that the surface charge at pH 6 is negative, allowing it to bind more
lead (1) ions with the highest adsorption efficiency. According to Zein et al. (2023), the biosorbent
surface has a negative charge if pH > pH,, due to the deprotonation of functional groups such as OH"
and COO", making it suitable for the adsorption of cationic substances [39].

3.7. Determination of the Optimum Contact Time for Lead (1) lon Adsorption and
Determination of the Adsorption Kinetic Model
The effect of contact time can be seen in the graph showing the relationship between contact
time and adsorption efficiency in Figure 9.
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Figure 9. Graph showing the relationship between contact time and lead biosorption efficiency.

As shown in Figure 9, the adsorption efficiency at a contact time of 20 minutes was 86.78%;
This is because, at a contact time of 20 minutes, not all of the hydroxyl (-OH) groups of the cellulose
biosorbent have bonded with lead(1l) ions, so the amount of lead(ll) ions adsorbed by the pores of the
CBM powder is not yet maximal [37]. Subsequently, the adsorption efficiency increases as the contact
time increases, reaching 90.76% at 60 minutes. The longer the contact time, the longer the interaction
between the biosorbent and the adsorbate, allowing more opportunities for lead (11) ions to come into
contact with the CBM powder and form bonds that fill the surface pores, resulting in a greater number
of adsorbed lead (Il) ions [32]. Additionally, increasing contact time enhances the likelihood of
functional groups on the biosorbent interacting with metal ions [30]. Adsorption capacity also showed
an increase as contact time increased from 26.38 mg/g at 20 minutes to 27.59 mg/g at 60 minutes.

After reaching 60 minutes, adsorption efficiency tends to stabilize and even slightly decreases
at 80 minutes, with an efficiency of 90.72% and an adsorption capacity of 27.58 mg/g. This is because
the amount of CBM powder bound to lead (II) ions has reached saturation. The saturation of CBM
powder in adsorbing lead (I1) ions upon reaching equilibrium indicates that nearly all active sites on
the CBM powder have already bound, making further extension of time ineffective. This is a
phenomenon in physical adsorption stating that the adsorption process is reversible due to weak bonds
between the biosorbent and lead (Il) ions, causing lead (Il) ions on the biosorbent surface to be
released back into the solution as contact time increases [35]. Additionally, the decrease in adsorption
capacity is due to the pores of the CBM powder becoming fully filled, causing the surface to become
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saturated and reducing its adsorption capacity [30]. Therefore, the optimal contact time in this study is
60 minutes, with an efficiency of 90.76% and a capacity of 27.59 mg/g.

Previous studies that varied contact time parameters, such as those conducted by Dewi et al.
(2015), used plantain peel to adsorb lead (11) ions for 20 minutes with an adsorption capacity of 2.8936
mg/g [24], and Kustomo et al. (2022) used matoa fruit peel to adsorb cadmium (I1) ions for 40 minutes
with an efficiency of 69.4943% and an adsorption capacity of 59.75 mg/g [41]. Meanwhile, a study in
which the optimal contact time was obtained similarly to this study was conducted by Anwar et al.
(2022) using Siamese orange peel for the adsorption of mercury (Il) ions over 60 minutes with an
efficiency of 78.51% [35], and the study by Simbolon et al. (2022) utilized coconut husk to adsorb
iron from leachate over 60 minutes with an efficiency of 30.84% [42].
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Figure 10. Graphs of the pseudo-first-order, pseudo-second-order, and intraparticle diffusion adsorption kinetic
models.

Table 4. Comparison of the three adsorption kinetic models.

Model Rate constant Theoretical gt Experimental qe R? Fit
_ (mg/g) (mg/g)
First-order 0.0695 min™ 9.53 27.59 0.6246 Does not fit
pseudo-fit
Pse“g‘r’;ercond 0.0256 g/mg.min 28.09 27.59 09999  Very good fit
Intraparticle 4 314 o/ mint? 27.77 27.59 0.9318 Supporting
diffusion mechanism

Chemical kinetics is the science of reaction rates and the processes by which reactions occur
[40]. The determination of adsorption Kkinetics aims to determine the rate of adsorption of metal ions
[41]. The adsorption kinetics model was determined by plotting curves using three models: pseudo-
first order, pseudo-second order, and intraparticle diffusion. A comparison of the three adsorption
kinetics models using NaOH-activated CBM powder is shown in Table 4. Based on the results of the
curves, the first-order pseudo-model yielded a linear regression equation of y = -0,0302x + 0,979. The
reaction rate constant (ky) is 0.0695 min! with a very low linear regression coefficient (R?) of 0.6246.
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The adsorption capacity obtained from the first-order pseudo-model is 9.53 mg/g. The calculation
results show that thetheoretical ge is much smaller than the experimental ge,with a very large
difference of 18.06, or about 65% of the experimental gevalue. This indicates that the first-order
pseudo-model is not suitable for describing lead (11) ion adsorption.

The pseudo-second-order model yielded a regression equation of y = -0,0356x + 0,0494. The
reaction rate constant (k;) is 0.0256 g/mgemin, with a linear regression coefficient (R?) approaching 1,
specifically 0.9999. The adsorption capacity obtained from the pseudo second order model is 28.09
mg/g, which is very close to the adsorption capacity in this study, which is 27.59 mg/g. The
calculation results show that the theoretical ge and experimental ge values are very close, with a very
small difference of 0.5 mg/g. This indicates that the pseudo second order model is more representative
in explaining the adsorption kinetics of lead (11) ions because it yields theoretical and experimental ge
values that are not significantly different from each other and has a much higher coefficient of
determination compared to the pseudo first order model. According to Huang et al. (2014), if the
kinetic model for adsorption better fits the pseudo-second-order kinetic model, then the adsorption
occurring is a chemical adsorption process (chemisorption) that is, adsorption involving chemical
interactions between the active sites of the biosorbent (CBM powder) and the adsorbate (lead (11) ions)
so that the adsorbate cannot move freely to other parts [43].

The intraparticle diffusion model yielded a regression equation of y = 3.215x — 80.35. The
reaction rate constant (ki) is 0.311 mg/gemin'/?, with a sufficiently good linear regression coefficient
(R?) of 0.9318, though still lower than that of the pseudo-second-order model (0.9999). The adsorption
capacity obtained from intraparticle diffusion is 27.77 mg/g, which is very close to the adsorption
capacity in this study, which is 27.59 mg/g. The calculation results show that the theoretical ge and
experimental ge values are very close, with a very small difference of 0.18 mg/g. This indicates the
influence of intraparticle diffusion during the initial stage of adsorption; however, it is not the sole
rate-controlling mechanism and serves only as a supporting mechanism during the adsorption process.

4. CONCLUSION

Based on the research results, the NaOH-activated matoa fruit shell (Pometia pinnata) powder
biosorbent showed good potential for adsorbing lead (I1) ions from solution. Characterization results
indicated that the biosorbent had an iodine adsorption capacity of 373 mg/g with a surface area of
30.96 m?/g. Optimal biosorption conditions were achieved at a biosorbent mass of 0.05 grams, pH 6,
and a contact time of 60 minutes, with an adsorption efficiency of 90.76% and an adsorption capacity
of 27.59 mg/g. FTIR analysis indicated the involvement of hydroxyl (-OH) and carboxyl (-COQ)
groups in the lead(ll) ion binding process. Furthermore, the adsorption kinetics data followed a
pseudo-second-order equation model (y = 0.0356x + 0.0494, R? = 0.9999), indicating that the
adsorption mechanism is dominated by chemisorption. The results of this study indicate that NaOH-
activated matoa fruit shell biosorbents have the potential to be used as an environmentally friendly
alternative adsorbent for the treatment of lead-containing wastewater.
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