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Abstract: Rhodamine B is a synthetic dye widely used in various industrial applications and poses a serious environmental
pollution due to its toxicity and resistance to biodegradation. This study aimed to evaluate the adsorption performance of
concentrated secondary metabolite extract from mango peel (Mangifera indica L.) as a natural adsorbent for the removal of
Rhodamine B from aqueous solutions. The effects of pH, initial dye concentration, and contact time on adsorption capacity
were investigated. The residual Rhodamine B concentration was determined using UV-Visible spectrophotometry, while the
adsorption behavior was evaluated using Langmuir and Freundlich isotherm models as well as pseudo-first-order (PFO) and
pseudo-second-order (PSO) kinetic models. Functional group interactions before and after adsorption were characterized
using Fourier Transform Infrared (FTIR) spectroscopy. The optimum adsorption conditions were obtained at pH 3, an initial
Rhodamine B concentration of 1400 ppm, and a contact time of 30 min, resulting in an adsorption capacity of 154.30 mg g
1. The adsorption equilibrium was better described by the Langmuir isotherm model ~ (R?= 0.8843) than by the Freundlich
model (R?= 0.6289), with a maximum adsorption capacity (Qmax) of 161.29 mg g™ and a separation factor (Rr) of 0.062,
indicating favorable monolayer adsorption. Kinetic analysis showed that the adsorption process followed the pseudo-second-
order model (R? = 0.9991) rather than the pseudo-first-order model (R? = 0.0843), suggesting that adsorption predominantly
occurred through chemisorption. FTIR analysis further confirmed the involvement of hydroxyl, carbonyl, aromatic, and C-
O functional groups in the adsorption process through shifts in characteristic absorption bands after adsorption. These
findings demonstrate that concentrated secondary metabolite extract from mango peel is a promising natural adsorbent for
Rhodamine B removal and has potential for application in environmentally friendly dye wastewater treatment.
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Introduction

Colored liquid waste from various industries, "
especially the textile industry, is often discharged without
adequate treatment and has become a major cause of serious
water pollution. Many dyes used in the textile industry are | | | ,
toxic and non-biodegradable, thereby causing harmful L g it e
effects on aquatic ecosystems and human health [1]. Textile

dyes are chemical compounds with complex, stable

11 ini i i . .
structures, ger}era y containing . aromatic .rllngs and Figure 1. Structure of Rhodamine B
heteroatoms, including azo, diazo, benzidine, and

anthraquinone groups. These structural characteristics make
dyes resistant to degradation and hazardous to the
environment [2]. One of the hazardous dyes frequently used
is Rhodamine B. Rhodamine B is difficult to degrade by

Dye-containing wastewater can be treated using
several methods, including coagulation-flocculation and
reverse osmosis [3], oxidation processes, ion exchange,

microorganisms because its chemical structure contains
basic amino groups and a benzene core [3]. The structure of
Rhodamine B is shown in Figure 1.

This synthetic dye belongs to the xanthene basic dye
class and occurs as an odorless crystalline powder.
Rhodamine B solution appears purplish-red at high
concentrations and bright red at low concentrations. This dye
is toxic and harmful to human health, causing irritation and
respiratory disorders if ingested or inhaled. When discharged
into aquatic environments, Rhodamine B contaminates
water, alters pH conditions, and disrupts microorganisms as
well as aquatic organisms [4].

How to Cite:

ozonation, and adsorption [5]. Among these, adsorption is
one of the most widely applied methods because of its high
efficiency, operational simplicity, low cost, and low energy
requirement [6]. Mechanistically, adsorption is defined as
the accumulation of a substance (molecules or ions) on the
surface of an adsorbent material [2].

Previous studies by Bahrizal et al. [7] demonstrated
that several types of biomass can be used as low-cost
adsorbents due to the presence of functional groups such as
-COOH, -OH, N-H, C-H, C=0, and C=C. Biomass materials
that have been utilized as adsorbents include langsat peel,
cassava peel waste [8], kepok banana peel waste [9], lime
peel [10], and mango peel [11]. In addition, several studies
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have reported the use of biomass extracts, such as vernonia
leaf extract [12], gambier leaf extract [13], and rambutan
peel flavonoid extract [14].

One potential adsorbent for dye removal is secondary
metabolites. These compounds are produced through plant
metabolic processes and are rich in active functional groups,
enabling them to bind dye molecules effectively. Sridevitri
& Etika [15] reported the use of rambutan peel secondary
metabolites for the adsorption of Methylene Blue using the
batch method, achieving an adsorption capacity of 10.9669
mg g'!. Rambutan peel for the adsorption of Rhodamine B
with a capacity of 21.5945 mg g' [14]. Based on the
successful utilization of rambutan peel waste, other plant
materials with similar characteristics may also be promising,
one of which is mango.

Mango belongs to the genus Mangifera, with the
species Mangifera indica L., which originated in India before
spreading to various regions, including Indonesia [16].
Mango is a popular fruit widely favored in Indonesia because
of its sweet taste. Besides the fruit, all parts of the mango
plant have health benefits and medicinal potential due to the
presence of secondary metabolites [17,18]. Currently, people
mainly utilize the pulp, while the peel is often discarded as
household waste [19]. Research by Kim et al. [20] showed
that mango peel contains higher total polyphenol content
than the fruit pulp. According to data from Badan Pusat
Statistik [21], national mango production reached
approximately 3.6 million tons in 2024, generating around
574.000 tons of mango peel annually.

Mango peel contains abundant secondary
metabolites, including flavonoids, saponins, tannins,
alkaloids, terpenoids, and steroids, making it a promising
material for Rhodamine B adsorption. These secondary
metabolites may participate in several adsorption
mechanisms, including hydrogen bonding, Van der Waals
interactions, electrostatic interactions, and w—m interactions
[22]. Patra & Mishra [23] mainly focused on converting
mango peel into activated carbon or modified adsorbents
through chemical or thermal activation. However, studies
investigating the direct use of concentrated secondary
metabolite extract from mango peel as a biosorbent for
Rhodamine B adsorption remain very limited. Previous
studies have predominantly utilized mango peel in the form
of raw biomass, modified biomass, or activated carbon for
pollutant removal. These approaches primarily rely on
lignocellulosic components, such as  cellulose,
hemicellulose, and lignin, as the main adsorption matrix
[24]. Although these materials have demonstrated
satisfactory adsorption performance, the extraction and
direct utilization of secondary metabolites remain largely
unexplored.

In contrast, concentrated secondary metabolite
extracts are expected to provide a higher density of
chemically active compounds, including phenolics,
flavonoids, mangiferin, tannins, and other oxygen-
containing metabolites. These compounds contain abundant
hydroxyl, carbonyl, and aromatic functional groups that can
directly participate in hydrogen bonding, n—x interactions,
and electrostatic interactions with dye molecules. Therefore,
the use of concentrated secondary metabolite extracts is
expected to provide a more specific adsorption mechanism
than conventional biomass, whose adsorption is
predominantly governed by the lignocellulosic matrix.

Volume 21 No. 5 (2026): 1039-1049

To the best of our knowledge, studies investigating
Rhodamine B adsorption using concentrated secondary
metabolite extracts directly isolated from mango peel remain
very limited. Therefore, this study utilized concentrated
secondary metabolite extract obtained from Arumanis
mango peel (Mangifera indica cv. Arumanis) to evaluate
their adsorption performance for Rhodamine B. This work is
expected to provide a new strategy for the valorization of
mango peel waste as an environmentally friendly biosorbent
while improving the understanding of the adsorption
mechanism governed by plant secondary metabolites.

Based on this background, the present study utilized
mango peel as a biosorbent. The mango peel used was the
Arumanis cultivar (Mangifera indica cv. Arumanis) because
of its abundant availability as local waste. In addition to its
abundance, the Arumanis cultivar has also been reported to
possess relatively high total phenolic content compared with
other cultivars, making it a potential source of active
compounds for adsorption purposes [25]. Preliminary
phytochemical screening of the sample confirmed the
presence of flavonoids, alkaloids, saponins, and tannins,
while steroids tested negative. The presence of these
compounds indicates functional groups such as hydroxyl (-
OH), carbonyl (C=0), and amine (-NH:), which serve as
binding sites for dye molecules. Therefore, this study aimed
to evaluate the adsorption performance of concentrated
secondary metabolite extract from mango peel toward
Rhodamine B through batch adsorption experiments,
equilibrium isotherm analysis, adsorption kinetics, and FTIR
characterization to elucidate the adsorption mechanism.

Research Methods

Materials and Instrumentation

The materials used in this study were mango peel,
distilled methanol, distilled ethyl acetate, distilled n-hexane,
Rhodamine B dye solution, distilled water, nitric acid
(HNO:s) and sodium hydroxide (NaOH), both from Merck.
For characterization, the instruments utilized included a
Fourier Transform Infrared (FTIR) Spectrophotometer
(Perkin Elmer) and a UV-Vis Spectrophotometer (Genesys
30).

Sample Preparation

The mango peel was washed under running water, cut
into small pieces, and then air-dried at room temperature
until completely dry. The dried samples were then used for
preliminary phytochemical analysis to determine the content
of secondary metabolites, including alkaloids, flavonoids,
saponins, tannins, terpenoids, and steroids.

Extraction and Fractionation

A total of 1.5 kg of dried sample, previously cut into
small pieces, was macerated in methanol until the sample
tested negative for secondary metabolites by phytochemical
tests. The solvent was then filtered off and the residue was
evaporated using a rotary evaporator to obtain a concentrated
extract. The concentrated extract was subsequently mixed
with distilled water at 45°C to produce an aqueous extract.
The aqueous extract was fractionated using a separatory
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funnel with n-hexane as solvent. This process was repeated
until the n-hexane layer became clear and phytochemical
tests showed negative results for secondary metabolites. Two
fractions were obtained, namely the aqueous fraction and the
n-hexane fraction. The aqueous fraction was then repeatedly
fractionated with ethyl acetate. The ethyl acetate fraction
obtained was concentrated using a rotary evaporator to
produce a viscous extract rich in secondary metabolites,
which was then characterized by FTIR spectroscopy [14].

Effect of pH

A total of 25 mL of a Rhodamine B solution with a
concentration of 50 ppm was treated by adjusting the pH
using HNOs or NaOH until it reached a pH level of 2-7. Each
of these solutions was then mixed with 0.2 grams of
concentrated mango peel extract in a shaker at 200 rpm for
60 minutes using a batch method, and the resulting filtrate
was collected. The concentration of unabsorbed Rhodamine
B was measured using a UV-Vis spectrophotometer at the
maximum wavelength obtained to determine the optimum
pH.

Effect of Contact Time

A total of 0.2 grams of concentrated secondary
metabolite extract from mango peel was weighed and mixed
with 25 mL of Rhodamine B solution at the optimum pH and
concentration. The solutions were then brought into contact
using a batch system and shaken at 200 rpm for 15, 30, 45,
60, and 75 minutes. The solutions were then filtered, and the
filtrates were collected. The filtrate was measured for the
concentration of unabsorbed Rhodamine B at the maximum
wavelength using a UV-Vis spectrophotometer to determine
the optimal contact time.

Results and Discussion
Phytochemical Screening

Phytochemical screening is a qualitative test
conducted to determine the content of secondary metabolites
in a sample. The secondary metabolites tested include
flavonoids, alkaloids, terpenoids, steroids, tannins, and
saponins. Preliminary test results for secondary metabolites
from mango peels are shown in Table 1.

Table 1. Results of Phytochemical Screening of Secondary
Metabolite Compounds in Mango Peels

Secondary Metabolites Reagents Results
Flavonoids NaOH 10% +
. Mayer +
Alkaloids Wagner .
Dragendorff +

Terpenoids Salkwoski -

. Lieberman-

Steroid burchad -
Tannin FeCl3 1% +
Saponin H,O +

Phytochemical screening showed that mango peel
contains flavonoids, alkaloids, tannins, and saponins. This is
consistent with research conducted by Noviyanty et al. [26]

Volume 21 No. 5 (2026): 1039-1049

and Anggraeni et al. [27] that showed mango peel contains
secondary metabolites including flavonoids, alkaloids,
tannins, and saponins.

Extraction and Fractionation

The cleaned mango peel samples were cut into small
pieces and air-dried at room temperature to prevent
degradation of thermolabile compounds and to increase the
solvent contact surface area, thus improving extraction
efficiency [28]. A total of 1.5 kg of dried crude drug was
macerated using distilled methanol. Maceration was chosen
due to its simplicity and the absence of heat, making it
suitable for temperature-sensitive compounds. Distilled
methanol was used to ensure solvent purity and minimize
interference during extraction and subsequent analysis. Its
high polarity allows for effective extraction of secondary
metabolites such as flavonoids, tannins, and phenolic
compounds, often resulting in higher phenolic and flavonoid
contents compared to other solvents [29].

The maceration process was carried out for 3 x 24
hours until the residue tested negative for secondary
metabolites. This method is based on diffusion, where
solvents penetrate plant cells and dissolve compounds with
similar polarity, driven by differences in osmotic pressure
[30]. The extract was then concentrated using a rotary
evaporator under reduced pressure to remove methanol and
obtain a viscous extract while preventing thermal
degradation [31]. The resulting 247.9 g of extract was
redissolved in 150 mL of warm water at 45°C to increase the
solubility of polar compounds.

The aqueous extract was then fractionated based on
polarity using the principle of "like dissolves in like" [32].
Sequential partitioning with n-hexane was repeated five
times to remove non-polar compounds until the organic layer
became clear. The remaining aqueous phase was then
fractionated with ethyl acetate, a process repeated 5 times to
extract semi-polar compounds. This stepwise fractionation
ensured optimal separation of metabolites by polarity,
yielding an ethyl acetate fraction rich in secondary
metabolites.

Fourier Transform Infrared Spectra Analysis

Based on the FTIR spectrum, several absorption
peaks were observed, indicating the presence of functional
groups of secondary metabolites in the extract. The broad
peak at 3332 cm’! indicates the presence of O-H groups,
typically associated with phenolic compounds such as
flavonoids and tannins. Then, the peak at 2990 cm™! indicates
the presence of aliphatic C-H groups, indicating hydrocarbon
chains in the compound's structure. The strong peak at 1701
cm!indicates the presence of C=0 (carbonyl) groups, which
originate from carboxylic acids, esters, or their derivatives.
Meanwhile, the peak at 1608 cm™! indicates the presence of
aromatic C=C bonds characteristic of phenolic compounds.
The absorption at 1532 cm™ likely originates from N-H
groups or aromatic ring vibrations, which indicates the
presence of alkaloid compounds. The peak at 1445 cm’!
indicates C-H bending, supporting the presence of organic
structures. In the fingerprint region (1312-1026 cm™),
several peaks are visible, indicating the presence of C-O and
C-O-C groups, which are commonly found in flavonoids,
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saponins, and tannins. The peaks at 947 cm™ and 869 cm
indicate aromatic C-H vibrations, which further strengthen
the presence of aromatic rings in the extract. The FTIR
results obtained in this study are consistent with the research
by Ibrahim et al. [33] on mango peel extract, which also
showed the presence of major functional groups such as -
OH, C=0, and C=C, characteristic of secondary metabolites.
The FTIR spectrum is shown in Figure 2.

100 +———

4000 3500 3000 2500 2000 1500 1000

wave number (cm'')
Figure 2. FTIR spectrum of the concentrated extract of
secondary metabolite compounds of mango peel

Standard Curve Preparation of Rhodamine B

Prior to constructing the calibration curve, the
maximum absorption wavelength (Amax) of Rhodamine B
was determined using a UV-Vis spectrophotometer. The
maximum absorbance was observed at 554 nm, which was
subsequently used as the analytical wavelength for all
quantitative measurements because it provides the highest
sensitivity and accuracy. The accuracy of the Rhodamine B
concentration analysis was ensured by creating a calibration
curve prior to determining the optimal conditions. The
phenomenon of increasing absorbance proportional to the
concentration confirmed compliance with the Lambert-Beer
law [34]. The superior linearity was demonstrated by the
regression equation y = 0.1272x + 0.0198, with an R2 of
0.9996, as shown in Figure 3.
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y=0,1272x + 0,0198 =
R*= 09996
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Figure 3. Preparation of Rhodamine B Calibration Curve
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Effect of Optimum pH of Rhodamine B on Secondary
Metabolite Extract

Solution pH is a critical factor influencing the
adsorption process, as it affects the surface charge of the
adsorbent, the dissociation of functional groups, and the
adsorption capacity [35]. In this study, the optimum pH for
Rhodamine B adsorption was evaluated over a pH range of
2-7. The adsorption capacity increased from 4.5244 mg g™! at
pH 2 to a maximum of 5.3065 mg g' at pH 3, and
subsequently decreased to 3.8980 mg g”! at pH 7, indicating
that the optimum adsorption occurred at pH 3, as seen in
Figure 4.
544 5.306
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.
.

pH
Figure 4. pH Curve of Rhodamine B Against a
Concentrated Extract of Secondary Metabolites

At pH 2, the high concentration of H" ions protonates
functional groups on the adsorbent surface, rendering it
positively charged and repelling the cationic Rhodamine B,
thereby reducing adsorption efficiency. As the pH increases
to 3, partial deprotonation of functional groups such as
carboxyl and hydroxyl groups generates negative charges,
enhancing electrostatic attraction with Rhodamine B and
leading to maximum adsorption capacity. Additionally,
hydrogen bonding and -7 interactions between the
aromatic structure of Rhodamine B and secondary
metabolites may contribute to adsorption [36]. At higher pH
values (4-7), the adsorption capacity decreases due to
changes in the amphoteric form of Rhodamine B and
increased competition from OH™ ions for active sites [37].

These results indicate that acidic conditions are
optimal for Rhodamine B adsorption, consistent with
previous findings by Oyekanmi et al. [38], who also reported
an optimum pH of 3. Under these conditions, a favorable
balance between adsorbent surface charge and Rhodamine B

speciation enhances adsorption through electrostatic
interactions as well as hydrogen bonding and n—=n
interactions.

Effect of Contact Time of Rhodamine B on Secondary
Metabolite Extract

Determining the optimum contact time aims to
determine the time required for the adsorption process to
reach maximum capacity before equilibrium is reached. In
this study, contact times varied for 15, 30, 45, 60, and 75
minutes at an optimum pH of 3 and an optimum Rhodamine

1042



Jurnal Pijar MIPA

B concentration of 1400 ppm. The effect of contact time on
Rhodamine B dye absorption is shown in Figure 5.
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Figure 5. Contact Time Curve of Rhodamine B Against a
Concentrated Extract of Secondary Metabolites

The results showed that the adsorption capacity
increased from 144.13 mg g at 15 minutes to 154.30 mg g-
1 at 30 minutes. This increase indicates that during the initial
stage of adsorption, many active sites remained on the
surface of the concentrated extract of mango peel secondary
metabolites, allowing Rhodamine B molecules to readily
interact and occupy them. Furthermore, the concentration
difference between the solution and the adsorbent surface
remains large, resulting in a strong mass-transfer driving
force. Consequently, the adsorption rate is rapid at the
beginning of the process.

Dye adsorption generally proceeds very rapidly at the
beginning of the process due to the large number of
unoccupied active sites on the adsorbent [39]. After 30
minutes of contact time, the adsorption capacity gradually
decreased to 145.36 mg g-1 by 75 minutes. This indicates
that the system has approached adsorption equilibrium. At
this point, most of the active sites are occupied by
Rhodamine B molecules, resulting in a decreased adsorption
rate. Furthermore, the increasing number of Rhodamine B
molecules adsorbed on the surface can create electrostatic
barriers and repulsive forces between adsorbate molecules
occupying adjacent sites, thereby reducing adsorption
effectiveness at longer contact times. A similar phenomenon
was reported by Thakur & Kaur [40] and research by Caglar
& Kayranli [41], which stated that after equilibrium was
reached, increasing the contact time no longer increased the
adsorption capacity because most of the active sites had been
filled and dynamic adsorption—desorption equilibrium
occurred.

Adsorption Isotherms

Adsorption isotherm analysis was conducted to
determine the characteristics of the interaction between
Rhodamine B molecules and the adsorbent surface, and to
determine the most appropriate adsorption model to describe
the adsorption process [42]. This study employed two
isotherm models commonly used in adsorption studies: the
Langmuir and the Freundlich isotherms. The suitability of
the two models was determined using the coefficient of
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determination (R?*) from the linear regression of each
isotherm equation.
8
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Figure 6. Langmuir isotherm model graph

The Langmuir isotherm model assumes that
adsorption occurs on a homogeneous adsorbent surface with
a limited number of active sites. Each active site can only be
occupied by one adsorbate molecule, forming a monolayer
[43]. In the Langmuir isotherm model, Ce represents the
equilibrium adsorbate concentration (mg L), and Kp
indicates the affinity between the adsorbent and the
adsorbate. A positive Kp value indicates a favorable
interaction between Rhodamine B and the adsorbent. An
important characteristic of the Langmuir isotherm can be
expressed by a dimensionless constant called the separation
factor (Rp), which is used to determine whether an
adsorption process is favorable or unfavorable [44]. The
Langmuir isotherm analysis yielded a coefficient of
determination (R?) of 0.8843, as shown in Figure 6.

The Freundlich isotherm model is used to describe
adsorption on heterogeneous surfaces. This model assumes
that the adsorption energy at each active site varies, allowing
adsorption to occur in more than one layer (multilayer). In
this process, active sites with higher affinity are occupied
first before adsorbate molecules occupy other active sites
with lower energy [43]. In this model, the constant Kg
indicates the estimated adsorption capacity, and the value of
n describes the adsorption intensity [45]. The Freundlich
isotherm model graph is shown in Figure 7.
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Figure 7. Freundlich isotherm model graph
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Based on the adsorption isotherm analysis, the
Langmuir isotherm model yielded a higher coefficient of
determination (R?) of 0.8843 and a maximum adsorption
capacity of 161.29 mg g, while the Freundlich isotherm
model yielded an R? of 0.6289. The higher R? value in the
Langmuir model indicates that the adsorption of Rhodamine
B by the concentrated extract of mango peel secondary
metabolites is better explained by the Langmuir model than
by the Freundlich model. These results indicate that the
adsorption process tends to occur at relatively homogeneous
active sites, forming a monolayer on the adsorbent surface.
The Langmuir model obtained a Langmuir constant Ki of
0.00754 L mg!, indicating an affinity between the adsorbent
and adsorbate, and a separation factor (Rr) of 0.062. Rp
values in the range 0 <Ry <1 indicate that the Rhodamine B
adsorption process is favorable [44]. Meanwhile, the
Freundlich model produced an adsorption constant (Kg) of
4.33 mg g! and an adsorption intensity (n) of 1.74. The n
value in the range of 1-10 indicates that adsorption proceeds
well and the adsorbent has a fairly high affinity for the
adsorbate.

Based on these results, the concentrated extract of
secondary metabolites of mango peel showed good
adsorption capacity towards Rhodamine B. To assess the
performance of the adsorbent used, the adsorption capacity
in this study was compared with those of several previously
reported biomass-based adsorbents.

Table 2. Comparison of the adsorption capacity of mango
peel secondary metabolite extracts with several other
adsorbents

Adsorbent Adsorbate Qmix Reference
(mgg™)

Banana peel Rhodamine B 20.6 [46]
Orange peel Rhodamine B 14.3 [46]
Trapanatans — py jomine B 136.46 [47]
shell

Rambutan Rhodamine B 21.59 [14]
peel

Table 2 shows that the adsorption capacity obtained
in this study is comparable to or higher than several biomass-
based adsorbents previously reported for Rhodamine B
removal. Although some chemically modified adsorbents
exhibit higher adsorption capacities due to increased surface
area and porosity, the concentrated secondary metabolite
extract used in this study achieved a relatively high
adsorption capacity without chemical activation. This
performance is attributed to the abundance of phenolic
compounds, particularly mangiferin, gallic acid, and
quercetin, which provide numerous hydroxyl, carbonyl, and
aromatic functional groups that interact with Rhodamine B
molecules.

Adsorption Kkinetic

Adsorption kinetics is an important aspect of
adsorption research because it provides information about
the rate of adsorbate absorption by the adsorbent and the
mechanisms that control the adsorption process. In contrast
to isotherm studies that describe the relationship between
adsorption capacity and adsorbate concentration at
equilibrium, kinetics studies explain the change in
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adsorption capacity over time until equilibrium is reached
[48]. In this study, kinetic analysis was carried out using the
pseudo-first-order (PFO) and pseudo-second-order (PSO)
models to evaluate the suitability of the kinetic models and
to obtain an overview of the adsorption mechanism of
Rhodamine B by concentrated extracts of secondary
metabolites from mango peel.

The Pseudo-first-order (PFO) model developed by
Lagergren assumes that the adsorption rate is proportional to
the number of active sites remaining available on the
adsorbent surface. This model is generally used to describe
the initial stages of adsorption and is often associated with
processes dominated by mass transfer or external diffusion.
The linear equation is expressed as:

In(ge — qt) = Inge — kqt

Where ge is the adsorption capacity at equilibrium
(mg g, gt is the adsorption capacity at time £, and k; is the
pseudo-first-order rate constant (minute™'). The suitability of
this model is generally evaluated based on the coefficient of
determination (R?) and the agreement between the calculated
ge value and the experimental ge value. The Pseudo-second-
order (PSO) model developed by Ho and McKay assumes
that the adsorption rate depends on the square of the number
of unoccupied active sites. This model is widely used in
adsorption research because it often provides a better fit to
experimental data than the PFO model. The linear PSO
equation is expressed as:

1 Lt
qt  k,q? qe

where k, is the pseudo-second-order rate constant
(g.mg"'.min"). Based on the adsorption kinetics analysis, the
pseudo-first-order (PFO) model produced a coefficient of
determination (R?) of 0.0843, while the pseudo-second-order
(PSO) model produced an R? of 0.9991. The linear plots
obtained from the PFO and PSO kinetic models are presented
in Figure 8 (a) and Figure 8 (b), respectively. These plots
were used to evaluate the suitability of each kinetic model
for describing the adsorption process of Rhodamine B by the
concentrated secondary metabolite extract of mango peel.

The significantly higher coefficient of determination
for the PSO model indicates a much better fit to the
experimental data than the PFO model. Thus, the adsorption
kinetics of Rhodamine B by concentrated extracts of mango
peel secondary metabolites more closely follow the pseudo-
second-order model. The low R? value in the PFO model
indicates that the adsorption rate is not solely influenced by
the number of vacant active sites on the adsorbent surface, as
assumed in the model. This indicates that the PFO model
cannot describe the adsorption kinetics of Rhodamine B in
this study. The PFO model is generally used to describe
adsorption processes that occur through physisorption
mechanisms, namely, relatively weak interactions such as
Van der Waals forces or molecular diffusion toward the
adsorbent surface [49].

In contrast, the Pseudo-second-order (PSO) model
showed an R? value of 0.9991, indicating good agreement
with the experimental data. The high coefficient of
determination indicates that the adsorption rate is more
influenced by the interaction between the adsorbent and the
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adsorbate than by diffusion alone towards the adsorbent
surface. In many adsorption studies, the PSO model is often
associated with the chemisorption mechanism, an adsorption
process involving stronger interactions between active
functional groups on the adsorbent and adsorbate molecules
through electron exchange or sharing. Therefore, the high fit
of the PSO model in this study indicates that Rhodamine B
adsorption likely occurs via chemisorption [50].
3.0
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Figure 8. (a) Linear plot of the pseudo-first-order kinetic
model and (b) linear plot of the pseudo-second-order
kinetic model for Rhodamine B adsorption onto
concentrated secondary metabolite extracts of mango peel

Mechanism of Adsorption

The decrease in Rhodamine B concentration after the
adsorption process indicates an interaction between the dye
molecules and the secondary metabolites contained in the
mango peel extract. This interaction causes Rhodamine B
molecules to bind to the adsorbent's active sites, reducing the
amount of dye remaining in solution, as evidenced by a
decrease in dye intensity. Among the identified secondary
metabolites, phenolic compounds represented by
mangiferin, gallic acid, and quercetin are considered to
contribute most significantly to Rhodamine B adsorption
because of their abundant hydroxyl and aromatic functional
groups. Nevertheless, other classes of secondary metabolites,
including flavonoids, alkaloids, tannins, and saponins, may
also participate in the adsorption process through the
presence of hydroxyl, carbonyl, amine, and other oxygen-
containing functional groups capable of interacting with
Rhodamine B molecules. This finding aligns with research
conducted by Oyekanmi et al. [38] that found a similar
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mechanism for the adsorption of Rhodamine B dye using
banana peel as an adsorbent.

CooM

v Electrostatic inleracton

Figure 9. Mechanism of interaction between metabolite
extract (Gallic Acid) and Rhodamine B dye

The interaction mechanism that occurred in this study
is shown in Figure 9. Phenolic compounds such as gallic
acid, which have hydroxyl and carboxylic groups found in
secondary metabolites, have the potential to form hydrogen
bonds with oxygen atoms and amine groups in Rhodamine B
molecules. Furthermore, deprotonated carboxylic groups
(-COO") can interact with the positively charged center in
the Rhodamine B structure through electrostatic forces. This
interaction causes Rhodamine B molecules to be adsorbed
on the adsorbent surface and reduces its concentration in
solution. Furthermore, the presence of aromatic rings in
phenolic and flavonoid compounds allows for n—n
interactions with Rhodamine B's xanthene aromatic ring
system. Kainth et al. [34] reported that a combination of
hydrogen bonds, electrostatic interactions, and n—m
interactions is the main mechanism contributing to
Rhodamine B adsorption on adsorbents rich in oxygen
functional groups.

To verify the proposed adsorption mechanism, FTIR
spectroscopy was employed to identify changes in the
functional groups of the concentrated secondary metabolite
extract before and after adsorption. The resulting spectra are
presented in Figure 10.

— RPOdamine B
e After Adsorption
——— Befcre Adsarpbion
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4000 3500 3000 2500 2000 1500 1000
wave number (cm™’)
Figure 10. FTIR spectrum of concentrated extract of
secondary metabolites before and after contact, and
Rhodamine B
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Based on the FTIR spectrum in Figure 10, changes in
wavenumber and absorption intensity after the adsorption
process indicate that the chemical environment of the
functional groups changes upon interaction with Rhodamine
B molecules. Before adsorption, the extract shows
absorption bands at 3332.39 cm™ (O-H), 2990.88 cm’!
(aliphatic C-H), 1701.91 cm! (C=0), 1608.94 cm'
(aromatic C=C), as well as 1455.66 cm™ and 1312.04 cm™
which are included in the C-H and C-O groups. The presence
of these groups indicates active sites that can interact with
Rhodamine B molecules. After adsorption, several
absorption bands shifted, namely O-H from 3332.39 cm™ to
3283.28 ¢cm’!, aliphatic C-H from 2990.88 cm™ to 2923.38
cm™!, C=0 from 1701.91 cm™ to 1691.99 cm™!, aromatic C=C
from 1608.94 cm™ to 1615.01 cm™!, and C-O from 1312.04
cm! to 1322.46 cm’!. These shifts indicate that hydroxyl,
carbonyl, aromatic, and C-O groups are involved in the
adsorption process through changes in their chemical
environment resulting from interactions between the
adsorbent and adsorbate [51]. When compared with the
spectrum of pure Rhodamine B, there are characteristic
bands at 2929.62 cm! (C-H stretching), 1690.87 cm™ (C=0),
1584.09 cm! (C=C aromatic), 1466.45 cm™, and 1335.74
cm! associated with the C-H and C-N groups. After
adsorption, the bands in the adsorbed extract are
characteristic of Rhodamine B, particularly at 1691.99 cm’!,
1615.01 cm, and 132246 cm!. A comparison of
wavenumbers for concentrated secondary metabolite
extracts of mango peel before and after adsorption, and pure
Rhodamine B, is shown in Table 3.

Table 3. Comparison of FTIR wave numbers of concentrated
extract of secondary metabolites of mango peel before
adsorption, extract after adsorption, and Rhodamine B

Functional Befpre After Rhodamine B
Adsorption  Adsorption 1

Group (cm™) (cm'l) (cm™)
O-H 333239 3283.28 ]
stretching
C-H

. 2990.88 2923.38 2929.62
stetching
=0 . 1701.91 1691.99 1690.87
stretching
c=C 1608.94  1615.01 1584.09
aromatik
C-H

. 1455.66 1446.07 1466.45
bending
CN 1312.04  1322.46 1335.74
stretching

Overall, the comparison of FTIR spectra before and
after adsorption demonstrates that the functional groups
present in the concentrated secondary metabolite extract
actively participated in the adsorption of Rhodamine B. The
shifts observed in the O-H, C=0, aromatic C=C, and C-O
absorption bands, together with the similarity of several
absorption regions to those of pure Rhodamine B, indicate
that adsorption occurred through multiple interactions
involving hydrogen bonding, m—m interactions, and
electrostatic attractions. These findings are consistent with
the proposed adsorption mechanism and support the
excellent agreement of the pseudo-second-order kinetic
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model, suggesting that the adsorption process tends to
proceed through chemisorption.

Study Limitations

Although this study successfully demonstrated the
potential of concentrated secondary metabolite extracts from
mango peels as a natural adsorbent for Rhodamine B
removal, several limitations warrant acknowledgement. The
adsorption  experiments were conducted without
experimental replication; therefore, statistical parameters
could not be determined. Nevertheless, all adsorption
experiments were conducted under identical experimental
conditions and analytical procedures to ensure data
consistency. Future studies are recommended to conduct
three adsorption experiments and incorporate appropriate
statistical ~analysis to improve the reliability and
reproducibility of the findings. Furthermore, additional
investigations on adsorbent regeneration and performance
evaluation using real textile wastewater are recommended to
further assess the practical application of concentrated
secondary metabolite extracts.

Conclusion

This study showed that concentrated secondary
metabolite extract from mango peel is an effective natural
adsorbent for the removal of Rhodamine B. The optimum
adsorption conditions were obtained at pH 3, an initial
Rhodamine B concentration of 1400 ppm, and a contact time
of 30 min, resulting in an adsorption capacity of 154.30
mg/g. The adsorption process was better described by the
Langmuir isotherm model (R?= 0.8843) than the Freundlich
model (R? = 0.6289), with a maximum adsorption capacity
(Qmax) of 161.29 mg g, indicating favorable monolayer
adsorption. Kinetic analysis showed that the adsorption
followed the pseudo-second-order (PSO) model (R? =
0.9991) rather than the pseudo-first-order (PFO) model (R?
=0.0843), indicating that chemisorption was more dominant.
This interpretation is supported by FTIR analysis, which
revealed the involvement of O-H, C=0, aromatic C=C, and
C-O functional groups in the adsorption process. Overall,
these findings indicate that concentrated secondary
metabolite extracts from mango peels have promising
potential as environmentally friendly biosorbents for
Rhodamine B removal. Further studies are recommended to
include experimental replication, statistical analysis,
adsorbent regeneration, and evaluation using real textile
wastewater.
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