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ABSTRACT

The elevated concentration of copper (I) ions in wastewater has become a serious environmental and public health
concern, highlighting the need for affordable and efficient treatment methods. In this study, modified guava leaf
powder was utilized as a biosorbent for the removal of Cu?* ions from synthetic wastewater. The guava leaves were
treated sequentially with sodium hydroxide and tartaric acid to enhance their surface properties and improve ad-
sorption performance. The prepared biosorbent was characterized using scanning electron microscopy (SEM) and
Fourier transform infrared spectroscopy (FTIR), along with iodine number analysis to evaluate surface area and
porosity. Batch adsorption experiments were conducted to assess the influence of operational variables, including
pH levels (4, 7, and 10), contact time (30, 45, and 60 minutes), and biosorbent dosage (0.4, 0.7, and 1.0 g). Opti-
mization of the adsorption process was performed using response surface methodology (RSM) combined with a
Box-Behnken Design. A quadratic model was developed to describe the relationship between the independent vari-
ables and Cu** removal efficiency, showing strong statistical validity and close agreement between predicted and
experimental values. Optimal conditions were identified at pH 7, a contact time of 45 minutes, and a biosorbent
dosage of 0.7 g, achieving a maximum copper removal efficiency of 97.122% with a desirability value of 1.000.
Kinetic analysis indicated that the adsorption followed a pseudo-second-order model (R? = 0.9998), suggesting
that chemisorption played a dominant role in the process. Isotherm studies further showed that the Freundlich
model (R? = 0.5864) provided a better fit compared to the Langmuir model, implying that adsorption occurred
on a heterogeneous surface. Overall, the results demonstrate that modified guava leaf powder is a promising, and
sustainable biosorbent for effective removal of copper ions from wastewater.
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INTRODUCTION

Industrial activities have significantly intensi-
fied environmental pollution, especially with rapid
urbanization and the continuous expansion of man-
ufacturing industries. As a result, large quantities
of pollutants are discharged into natural water sys-
tems, leading to the degradation of water quality.
Wastewater refers to water that has been contami-
nated through domestic, commercial, or industrial

activities [Aghalari et al., 2020]. These effluents
are commonly released into rivers, streams, lakes,
ponds, estuaries, and oceans, contributing to wide-
spread aquatic pollution [Qasem et al.,, 2021].
Wastewater treatment involves the removal of con-
taminants from sewage or industrial effluents be-
fore they are discharged into receiving water bodies
such as rivers and seas [Aghalari et al., 2020].

The increasing concentration of heavy met-
als in wastewater is largely attributed to industrial
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growth and changing human consumption pat-
terns [Razzak et al., 2022]. Although some metals
may not be highly toxic in large forms, even trace
amounts can pose serious health and environmen-
tal risks [Razzak et al., 2022]. Heavy metals are
non-biodegradable, allowing them to persist in the
environment for long periods. They can accumu-
late in living organisms and become more con-
centrated as they move up the food chain [Vidu et
al., 2020]. The presence of toxic heavy metals in
water and soil is a major environmental issue that
threatens both ecosystems and human health [Das
and Poater, 2021]. Due to their stability and ability
to dissolve and spread easily, these metals can dis-
perse across ecosystems and cause harmful effects
even at low concentrations [Qasem et al., 2021].

In response to these concerns, several waste-
water treatment methods have been developed,
including chemical precipitation, membrane fil-
tration, ion exchange, and adsorption. Among
these techniques, adsorption is widely preferred
because of its simplicity and high effectiveness
in removing trace heavy metals from aqueous
solutions [Raji et al., 2023]. Recently, biosorp-
tion using low-cost agricultural and plant-based
materials has gained attention as a sustainable
alternative for heavy metal removal. Plant-de-
rived adsorbents such as leaves, fruit peels, and
agricultural waste are commonly studied due to
their availability, biodegradability, and surface
functional groups that enhance metal adsorption
[Elkhaleefa et al., 2021]. Furthermore, chemical
modification of these biosorbents can improve
their adsorption capacity by increasing surface
area and introducing additional active binding
sites [Abegunde et al., 2020].

The study aims to evaluate the effectiveness
of guava leaves in removing Cu?* from synthetic
wastewater. The project aims to create an eco-
friendly method for removing heavy metals from
wastewater, thereby protecting both the environ-
ment and human health.

METHODOLOGY

Materials and reagents

This study investigated the effectiveness of
guava leaves as a biosorbent for the removal of
Cu** ions from wastewater. The biosorbent was
chemically modified using tartaric acid (CsHesOs)
to enhance its adsorption properties, followed by
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treatment with sodium hydroxide (NaOH). In addi-
tion, NaOH and hydrochloric acid (HCI) solutions
were used for pH adjustment during the prepara-
tion and experimental process. The guava leaves
were dried using a Daihan Scientific oven and then
ground into powder form using a mortar and pes-
tle. The pH of the solutions was measured using a
calibrated pH meter. The modified guava leaf pow-
der was characterized to evaluate its properties as a
biosorbent. Scanning electron microscopy (SEM)
was used to examine surface morphology, Fourier
transform infrared spectroscopy (FTIR) was em-
ployed to identify functional groups, and the iodine
number method was used to estimate surface area.

Preparation of biosorbent

The guava leaves were gathered at Lipa Batan-
gas. The process of the biosorbent used. Only ex-
panded guava leaves to achieve the high quality
and homogeneity. To remove supernatant particles,
running water was applied to the collected leaves.
They were rinsed off with distilled water to elimi-
nate any remaining impurities. In a hot oven, the
leaves were dried to approximately 100 °C. Guava
leaves powder (GLP) was kept in a desiccator to
prevent moisture loss [Gupta et al., 2023].

Alkali modification

GLP was treated to alkali treatment to im-
prove its adsorption efficiency and enhance its
interaction with the adsorbent material [Gupta et
al., 2023]. This modification increased the avail-
ability of alkaline functional groups and altered
the surface properties toward a more non-polar
character, which can improve the adsorption of
certain target molecules [Abegunde et al., 2020].
The treatment also influenced the surface charge
behavior of the adsorbent, which may enhance
the attraction of oppositely charged species dur-
ing adsorption. For the preparation process, 8 g
of GLP was treated with 200 mL of 0.1 N sodi-
um hydroxide (NaOH) solution [Olawale et al.,
2022]. The mixture was stirred for 10 minutes
and then left to stand for 24 hours to ensure suf-
ficient chemical interaction. After treatment, the
solution was filtered using a funnel to remove
excess alkaline solution and residual lignin-con-
taining compounds. The resulting modified guava
leaf powder was dried in an oven at 75 °C for 12
hours and then stored in a desiccator to prevent
moisture absorption [Gupta et al., 2023].
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Acid modification

This modification of the biosorbent increased
its surface acidity while reducing the overall min-
eral content [Rehman et al., 2019]. In addition,
it enhanced the presence of oxygen-containing
functional groups on the surface, which contrib-
uted to the formation of more negatively charged
sites. These negatively charged sites improve the
adsorption of positively charged species through
electrostatic attraction [Rehman et al., 2019]. For
the acid treatment process, 2 g of alkali-modified
guava leaf powder (GLP) was dispersed in 14 mL
of 1.0 M tartaric acid (CsHeOs) and allowed to
react to achieve further surface modification. Af-
ter treatment, the sample was thoroughly washed
using 250 mL of distilled water to remove any
residual acid. The biosorbent was then oven-dried
for 12 hours at 75 °C. Finally, the dried GLP was
stored in a desiccator to maintain its stability and
prevent moisture absorption.

Characterization of biosorbent

Scanning electron microscopy

The surface morphology of the modified gua-
va leaf powder was examined using SEM. Prior to
imaging, the samples were sputter-coated with a
thin layer of gold—palladium to enhance conduc-
tivity. During analysis, the coated specimens were
placed inside the SEM chamber and subjected to
progressively increasing accelerating voltages to
obtain detailed surface images [Raji et al., 2023].

Fourier transform infrared spectroscopy

The modified guava leaves powder was ana-
lyzed with its wavelength around 3500 to 1500
cm'. The modified guava leaves powder was
measured by using spectrophotometers to mea-
sure the concentration of hydroxyl or carboxylic
acid group and other functional groups that con-
tain oxygen [Buenaio et al., 2024].

lodine number

Samples (0.4, 0.7, and 1.0 g) were transferred
into 250 mL flasks and treated with 10 mL of
5% hydrochloric acid (HCI), then gently boiled
for 30 seconds. After cooling, 50 mL of 0.100
N iodine solution was added, and the mixture
was agitated for 15 minutes [Hoang and Quyen,
2024]. The solution was then filtered, and a 10
mL aliquot was diluted to 100 mL using distilled

water. The diluted sample was titrated using
0.100 N sodium thiosulfate until a pale yellow
color was observed. Afterwards, 2 mL of starch
indicator was added, and titration was continued
until the solution became colorless [Hoang &
Quyen, 2024].

Preparation of synthetic wastewater

A 100 mL beaker, dissolved 1 g of copper (II)
sulphate to produce 1000 mg/L. Once the mixture
was prepared, it was transferred to a 1 L volumet-
ric flask and diluted [Rukayat et al., 2021].

Experimental layout for optimization

In this study, the selected variables are pH,
contact time, and biosorbent dosage, which were
taken for optimization. The parameters were es-
tablished to ensure the effective adsorption of
copper (II) in wastewater. The experimental runs
(Table 1) evaluates the effects of pH, contact time,
and biosorbent dosage on the removal efficiency
of Cu?" ions. The experiments are systematically
conducted using pH levels of 4, 7, and 10, contact
times of 30, 45, and 60 minutes, and biosorbent
dosages of 0.4, 0.7, and 1.0 g to determine their
influence on the biosorption of copper (II) ions
using modified guava leaf powder.

Batch adsorption experiment

The efficacy of the adsorbents on Cu** removal
from synthetic wastewater was assessed from batch
experiments [Gupta et al., 2023]. For these experi-
ments, 50 mL of Cu?" at initial concentration of 50
ppm was placed in a 100 mL Erlenmeyer flask. To
make sure the removal of Cu*, batch adsorption
was achieved with different doses of guava leaves
powder, specifically 0.4 g, 0.7 g, and 1.0 g. The pH
of the samples was adjusted to 4, 7, and 10 using
0.1 N sodium hydroxide (NaOH) and 0.1 N hydro-
chloric acid (HCI). The mixtures were then agitated
at different contact times of 30, 45, and 60 minutes
at a constant stirring speed of 160 rpm using a mag-
netic stirrer [Gupta et al., 2023]. The percentage re-
moval of Cu** ions was determined using an atomic
absorption spectrophotometer (AAS).

Determination of metal removal efficiency

The uptake of metals may also be in the form of
percentage of metal removal which is obtained as:
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Table 1. Experimental runs for Box-Behnken design in copper (II) ion biosorption

Levels
Factors Unit
-1 0 1
pH 4 7 10
Contact time min 30 45 60
Biosorbent dosage g 0.4 0.7 1.0
Co—Ce This temperature was selected as it is similar to am-

Removal Efficiency (%) = ( ) x 100 (1)

where: Co represents initial concentration (ppm),
and Ce represents the equilibrium con-
centration (ppm) [Shah et al., 2021].

Kinetic studies

To evaluate the adsorption rate of Cu?* ions,
the samples were agitated using a mechanical
shaker operating at 160 rpm for contact times of
10, 20, 30, 45, and 60 minutes. After, it was fil-
tered. The copper ions was analyzed using AAS
[Shah et al., 2021]. The PFO and PSO have been
used to investigate the specific contact times.
These models were considered qualified for un-
derstanding the kinetics of heavy metal adsorp-
tion onto guava leaf [Raji et al., 2023].

Isotherm studies

The adsorption isotherm study was carried
out using pH, biosorbent dosage, and contact
time. Batch adsorption tests were performed with
an initial concentration of Cu?* at 50, 70, 90,

110, and 150 mg/L. All samples were agitated
at 160 rpm. All the isotherm experiments were
conducted at the ambient temperature (25-30 °C).

bient temperature that is expected and is also used
in most biosorption studies [Smoczynski et al.,
2020]. The literature states that adsorption process-
es may be either endothermic or exothermic and
the temperature effect differs according to the bio-
sorbent system and adsorbate system [ Smoczynski
et al., 2020]. Other studies have discovered that
mild heating enhances adsorption by raising the
molecular mobility, and opening the binding sites
[Smoczynski et al., 2020]. After treatment it was
measured using of AAS [Al Ali et al., 2021].

RESULTS AND DISCUSSION

Characterization of the guava
leaves powder

Scanning electron microscopy

Images from the SEM analysis at different
magnifications are presented in Figures 1-3. The
micrographs show the morphological changes
brought about by tartaric acid—NaOH treatment,
which improve the surface characteristics of the
biosorbent, including increased surface area, bet-
ter pore accessibility, and a greater number of ac-
tive binding sites for metal adsorption.

52400 15,040 86l x190 SE 71772025
et o R

}

(b)

Figure 1. SEM of guava leaves powder altered with NaOH and tartaric at: (a) x40, (b) x190
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The surface in Figure 1a is rough and uneven
with visible cracks and peeling, which means that
it is structurally damaged because of chemical
treatment. This augments surface area, and offers
routes of absorption of copper ions. Figure 1b re-
veals layered and flake like structures that were
produced with the help of acid induced removal
of hemicellulose and swelling of the alkaline fi-
bers. Such modifications leave more adsorption
sites unoccupied making the biosorbent have
greater capacity to hold copper.

Figure 2a at higher magnification shows a
large number of holes, grooves, and fractures on
the biosorbent surface implying that the structure
has undergone a lot of degradation. These holes
open avenues through which copper react with
the material through a physical adsorption mech-
anism or ion exchange mechanism or through a
complexation mechanism which enhances ad-
sorption. In Figure 2b, the surface is more frac-
tured with ridges and valleys which are probably
the remains of vascular structures that have been
chemically treated. The increased roughness and
irregularity provide more binding sites, One rea-
son the tartaric acid-NaOH modification was effi-
cient in improving the biosorbent’s surface prop-
erties is because it showed how well this method
improve the capping of copper.

In Figure 3a, a granulated surface is depicted
with microcracks and roughness, This is an indi-
cation of surface deterioration, which increases
the number of adsorption sites and binding sites
for copper, as shown by the exposed -OH and
-COOH groups. Figure 3b shows porous and dis-
continuous structure that bears micropores, which
increases the transport of ions and surface area.

These traits are suggestive of high biosorption
efficacy and good chemical activation. The SEM
images explicitly illustrate that the tartaric acid-
NaOH change made a tremendous impact on the
structure of the guava leaves powder creating the
roughness of the leaf surfaces, holes, fibre swell-
ing, and fragmentation.

Fourier transform infrared spectroscopy

The GLP NaOH, and GLP Tartaric and GLP
NaOH-Tartaric spectra showed broadening of
peaks and lower energy, which showed structural
change (Figure 4). The huge peaks at 3278, 3307,
and 3523 cm -OH stretching, indicating that
the number of hydroxyl groups on GLP NaOH-
Tartaric increases following alkali modification.
These clusters serve as metal binding sites of
heavy metal because they form lone pairs and hy-
drogen bonds [Abegunde et al., 2020]. The -OH
and -NH groups that are the subjects of adsorp-
tion through complexity, chelation, or hydrogen
bonding have the range of 3200-3600 cm™* [Abe-
gunde et al., 2020].

The highest peak at 3008 cm™' is an indica-
tion that C-H of lignin or arboreal phenolics,
which add to structural specificity and adsorption
[Rehman et al., 2019]. The -COOH (C=O0 stretch-
ing) is associated with metal coordination and it
appears in the 1714 cm™ band. C=0O vibrations
indicate that it is conjugated and are confirmed
by the presence of C=0 vibrations at 1683-1685
cm' in conjugated systems, which are essential
in the binding of metals [Olawale et al., 2022].
Lastly, aromatic C=C bands at 1514—1562 cm™!
mean the presence of phenolic structures.

(b)

Figure 2. Scanning electron microscopy of guava leaves powder modified with NaOH and tartaric:
(a) x300, (b) x500 magnification
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53400 15:0kV 8.4mm x1.00k SE 7/1792025 '

(b)

Figure 3. SEM guava leaves powder modified with NaOH and tartaric at:
(a) 1000 x magnification, (b) 2000 x magnification

lodine number

It is calculated by the quantity of iodine ab-
sorbed in the solution when adsorbing, which
makes it a direct measure of the ability of biosor-
bent [Foo and Hameed, 2021]. The iodine con-
tent of biosorbents commonly ranges between
300 to 600 mg/g (untreated or low-activation),
between 600 to 900 mg/g, and between 900 to
1200 mg/g or higher in terms of iodine con-
centration in extremely porous and chemically
modified adsorbents [Foo and Hameed, 2021].
Moreover, effective biosorbents tend to have the
residual concentration of iodine between 0.01
and 0.06 N which is the concentration of iodine
that still stays in the solution after adsorption.
While the amount of iodine inside the solution
decreases, the iodine adsorption increases hence
this value negatively correlates to the fee of io-
dine number [Hassan et al., 2020].

Table 2 illustrates the modified guava leaves
powder iodine number and iodine remaining fol-
lowing various treatments. Guava leaves modi-
fied with NaOH-tartaric contained the greatest
amount of average iodine concentration (925.33
mg/g) which reflects the most extensive growth of
pore and surface area. It also contained the least
residual iodine meaning that it had more uptake
capacity. The values of the RSD (1.53-3.74%)
are good in terms of precision and reproducibility.

Efficiency of copper (Il) removal using
modified biosorbent

Table 3 indicates the proportion removal of
Cu?* beneath distinct experimental conditions
together with pH, contact time, and biosorbent
dosage. Run 7 carried out the highest removal ef-
ficacy with a removal percentage of 98.87% at pH

GLP FTIR RESULTS

= GLP NaOH

Transmittance

1290 1790 2290

Wavelength cm™

= GLP Tartaric

= GLP NaOH-Tartaric

TTT

2790 3290
1

Figure 4. FTIR characterization of modified guava leaves powder
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7, 45 minutes, and a biosorbent dosage of 0.7 g,
indicating that this mixture is the most effective.
A majority of the runs resulted over 94% removal
and this is an indication that modified guava leaf
powder is a powerful biosorbent. In addition, the
lower and upper pH values caused much less effi-
ciency (e.g, Run 14 with 90.6% at pH 10), which
means neutral pH is more suitable in biosorption.
The consistency of the findings of replicates justi-
fies the reliability of the data.

The most suitable regression model for the
biosorption data is quadratic regression model.
The quadric model is the most appropriate among
all the models that have been analyzed. The model
that should be accustomed in the study on the bio-
sorption process in this research is the one that has
been indicate because it shows a level of statistical
significance and strong predictive capability.

Effect of parameters

Figure 5 indicates a 3D surface plot that high-
lights how pH (A) and contact time (B) have

Table 2. The amount of Iodine and the final concentration

interaction to the removal efficacy of copper (1)
ions (R1). The floor shape, as proven via previous
statistical analysis, is curved, which indicates the
quadratic version. The graph indicates that grow-
ing both contact time and pH accompany to a high-
er percentage of copper removal. The effectiveness
of the elimination is maximum at a rather exces-
sive pH and duration of contact time, which can
be at 98.87%. The efficiency is reduced at lower or
excessively high pH values, and this is due to re-
duced metal precipitation or ion exchange. At low-
er pH levels, such as pH 4, 5, and 6, copper remov-
al is less effective because there are greater hydro-
gen, which compete with copper for the energetic
websites on the biosorbent. Contact time plays a
big role in how well the copper is removed. The
removal percentage is higher at shorter times, like
between 30 to 36 minutes was quite down, which
means that there was no equilibrium yet. Neverthe-
less, the response curve decreased after 50 minutes
and this implies that the biosorption process had
already reached equilibrium, and no significant
growth in copper removal was observed.

Biosorbent treatment

Average iodine number (mg/g)

Average residual iodine Relative standard deviation
concentration (N) (%)

NaOH-Tartaric Modified GLP 925.33 + 34.72

0.05016 + 0.00459 3.75 %

NaOH Modified GLP 761.24 +13.32

0.07228 + 0.00336 1.75%

Table 3. Removal of Cu (II) in percentage with modified guava leaves powder

Run pH Contact time (min) Biosorbent dosage (g) | % Removal of copper (Il)
1 60 0.7 94.2%
2 45 1 95.04%
3 45 0.4 94.94%
4 30 0.4 96.44%
5 10 30 0.7 96.04%
6 45 0.7 97.48%
7 7 45 0.7 98.87%
8 45 0.7 95.04%
9 10 60 0.7 94.98%

10 10 45 1 93.12%
11 4 30 0.7 94.56%
12 30 1 96.6%
13 60 0.4 96.78%
14 10 45 0.4 90.6%
15 60 1 94.5%
16 45 0.7 94.26%
17 45 0.7 93.12%
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Figure 6 of the 3D plot response surface dis-
play the percentage removal of Cu?* when con-
sidering pH and biosorbent dose, using modified
guava leaves powder. The effectiveness of cop-
per removal is proportional to the pH and dos-
age of biosorbent to an optimal point. Out of the
studied conditions, pH 7 and biosorbent dosage
of 0.7 g gave the highest removal percent, which
showed that these are the most favorable condi-
tions to absorb copper. The effect of pH followed
a trend similar to the earlier observations, where
lower pH levels (4, 5, and 6) resulted in reduced
copper removal efficiency. This behavior can be
attributed to the competition between hydrogen
ions and copper ions for the available adsorption
sites present on the surface of the biosorbent. As
the pH increased, the adsorption performance
gradually improved, with the highest removal ef-
ficiency of up to 96% being observed under near-
neutral conditions at pH 7.

Once the pH was increased (8, 9 and 10) the
removal efficiency did not increase significantly,
which may be a result of coproduction of copper
hydroxides in place of additional sorption. The
dosage of biosorbent was also critical to copper
(IT) removal because lower dosages (0.4—0.5 g)
led to lower elimination efficacy due to fewer ac-
tive sites where the adsorption can occur. The ad-
sorption capacity increased with increased dosage
of the biosorbent to 0.7-0.9 g because of the in-
creased surface area and binding sites which gave

copper removals with efficiency of over 97% at
0.9 g, however, efficacy was lower and no sig-
nificant increase in clearance was observed with
further dosage increase. This may be because as
the dose increases, particles start to overlap and
clump together, which reduces the actual surface
area available for absorption.

Figure 7 display how well copper (II) ions are
removed base on the amount of biosorbent used
and how long it’s in contact with the solution.
The shape of the graph is curved, which suggests
that the two factors have a strong connection and
influence on the percentage of copper removed.
The higher the dosage of the biosorbent used and
the contact time, the better the removal efficiency,
but at approximately 0.7 g dosage and 45 minutes
contact time it levels off. Beyond a certain point,
the increase in removal efficacy either stops or
only increases slightly. This might be because the
adsorption process reaches a balance, or because
the active sites on the biosorbent become fully oc-
cupied. When the contact time was shortened to
approximately 30-36 minutes, the percentage of
copper ion removal decreased, indicating that the
adsorption process had insufficient time to fully
occur between the copper ions and the available
binding regions of the biosorbent.

As the contact time increased within the range
of 45-54 minutes, the removal efficiency im-
proved considerably, reaching values greater than
96%. Beyond 54 minutes, a decline in adsorption

Figure 5. Surface plot of 3D with respect to pH and the duration of contact
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C: Biosorbent dosage (g)

Figure 6. A 3D response surface plot display how pH and the amount of biosorbent affect the removal of Cu?*

capacity was observed, suggesting that equilibri-
um had already been attained and that no substan-
tial increase in copper removal could take place
afterward. The effect of biosorbent dosage re-
vealed that lower amounts of adsorbent (0.4-0.5
g) resulted in reduced adsorption efficiency due to
the limited number of available adsorption sites.
Increasing the dosage to 0.7-0.9 g significantly
enhanced the removal performance, achieving
efficiencies above 97%. This improvement may
be attributed to the greater surface area and in-
creased availability of functional groups respon-
sible for adsorption. However, further increases

0.7
06

C: Biosorbent dosage (g)

04 30

beyond 0.9 g produced little to no noticeable
improvement in removal efficiency, possibly be-
cause of particle aggregation and the overlapping
of adsorption sites, which lowered the effective
surface area available for adsorption.

Kinetic models

The graph of log (q, — q,) against time pre-
sented in Figure 8 produced a relatively low R?
value of 0.5607. This result indicates that the
pseudo-first-order (PFO) kinetic model does not
adequately describe the adsorption behavior of

60

42

B: Contact time (min)

Figure 7. Response surface plot 3D of biosorbent dosage and contact time
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Cu?* ions onto the modified guava leaf powder
biosorbent. The poor linear correlation suggests
that the adsorption process is not primarily gov-
erned by physical adsorption or simple diffusion
mechanisms. Instead, the results imply the occur-
rence of chemisorption, where copper ions inter-
act more strongly with the active binding sites
and functional groups located on the surface of
the biosorbent.

The plot of t/qt versus time (Figure 9) shows
a strong linear relationship with a very high R?
value of 0.9998, indicating that the experimen-
tal data closely follows the pseudo-second-order
(PSO) kinetic model. This relationship suggests
that the adsorption process is mainly governed by
chemisorption, involving chemical interactions
through electron exchange or electron sharing be-
tween the copper ions and the active functional
groups present on the biosorbent surface. The
nearly perfect linear trend further indicates that
the availability of active binding sites strongly in-
fluences the adsorption rate, supporting the suit-
ability of the PSO model in describing the kinetic
behavior of copper adsorption in this experiment.

Isotherm models

The Langmuir isotherm plot in Figure 10
of 1/qe versus 2/Ce shows no linearity, indi-
cated by the low coefficient of determination
(R? = 0.4462). Such a low strength of inter-
action implies that adsorption of Cu?* ions on
this biosorbent cannot be well represented in
the Langmuir. In the Langmuir, the adsorption
procedure is assumed to take place on essen-
tially ‘monolithic’ surface with infinite active
sites and adsorbed species without interaction.
These presumptions are not entirely correct for
the existing system, as plotted curvature and
scatter demonstrate.

The Freundlich plot in Figure 11 (log qe vs
log Ce) indicates a moderate linear relationship
with 0.5864 as derived from calculating. Ad-
sorption of Cu?* ions onto leaves as biosorbent
by guava leaves is described more accurately
in the Freundlich isotherm, with an R? value
greater than that of the Langmuir model. The qe
inside the plot rises with an increment in equi-
librium attention (Ce), indicating that Cu?*" has

4
2
0
x|
-4
s
i}
(0] ¥
3 8
o0 -10
L y =-0.2405x + 3.9251
R? =0.5607
-14
-16
-18
0 10 20 30 40 50 60 70
time (min)
Figure 8. Pseudo-first-order
20
18
16
14
12
- 10
o
S 8
& y =0.2864x - 0.0016
4 R2=0.9998
2
0
0 10 20 30 40 50 60 70

time (min)

Figure 9. Pseudo-second-order
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R® = 0.4462
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Figure 10. Copper (I1I) adsorption Langmuir isotherm plot
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0,8
0,7

0,6
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02

0,1

-0,5 0 0,5

y=0.1357x + 0.5434
R?=0.5864

log Ce

Figure 11. The biosorption of Cu?*" ions by Freundlich

better favorable for absorbing. The guava leaf
biosorbent has a variety of functional groups, as
well as varying affinities for Cu?" ions, as indi-
cated by the moderate R? value. The consistent
contribution of multilayer adsorption and vari-
able binding strengths to these theories can be
attributed to these functional groups.

CONCLUSIONS

The findings of this research demonstrated
that modified guava (Psidium guajava L.) leaves
can serve as an effective and environmentally
friendly biosorbent for removing Cu** ions from
synthetic wastewater. Results revealed that pH,
contact time, and biosorbent dosage significant-
ly influenced the biosorption performance, with
the optimized conditions achieving a maximum
removal efficiency of 98.87%. ANOVA results
confirmed the significance of the developed
model, while the high R? value reflected strong
predictive capability. Among the isotherm mod-
els evaluated, the Freundlich isotherm provided

the best fit for the equilibrium data, suggesting
adsorption occurred on a heterogeneous surface
with varying adsorption energies. Kinetic analy-
sis further indicated that the pseudo-second-or-
der (PSO) model most accurately described the
biosorption process, implying that chemisorp-
tion was the dominant rate-controlling mecha-
nism. Surface characterization using SEM and
FTIR verified structural and functional group
changes in the biosorbent after copper adsorp-
tion, supporting the experimental observations.
Overall, the results highlight the potential of
chemically modified guava leaves as an eco-
nomical and eco-friendly material for copper re-
moval in wastewater treatment applications.

Acknowledgements

We sincerely express our deepest gratitude
to our research adviser, Engr. Jenilie G. Velas-
co, for her dedication, insightful guidance, and
unwavering commitment throughout the com-
pletion of this study. Her continuous encourage-
ment and confidence in our capabilities inspired

401



Ecological Engineering & Environmental Technology 2026, 27(9), 391-403

us to persevere and give our best in every stage
of the research process. We are also grateful to
our panel members, Dr. Emmanuel L. Ferrer,
Prof. Cristopher B. Parmis, and Mr. Mark Jo-
seph Ferranco, whose constructive suggestions
and helpful insights contributed greatly to the
refinement and improvement of this study. Our
heartfelt appreciation is extended to our fami-
lies for their endless sacrifices, understanding,
and steadfast encouragement. Their love and
support served as our source of strength and
motivation throughout this journey. Lastly,
we would like to thank our friends and fellow
researchers for the encouragement, coopera-
tion, and inspiration they shared with us. This
achievement would not have been possible
without the collective support and meaningful
contributions of everyone who became part of
this endeavor.

REFERENCES

1. Abegunde, S. M., Idowu, K. S., Adejuwon, O. M.,
Adeyemi-Adejolu, T. (2020). A review on the influ-
ence of chemical modification on the performance
of adsorbents. Resources, Environment and Sus-
tainability, 1, 100001. https://doi.org/10.1016/].
resenv.2020.100001

2. Aghalari, Z., Dahms, H.-U., Sillanpdé, M., Sosa-
Hernandez, J. E. (2020). Effectiveness of wastewa-
ter treatment systems in removing microbial agents:
A systematic review. Globalization and Health, 16,
13. https://doi.org/10.1186/s12992-020-0546-y

3. Al Al A., Ouda, M., Naddeo, V., Puig, S., Hasan,
S. W. (2021). Integrated electrochemical-adsorption
process for the removal of trace heavy metals from
wastewater. Case Studies in Chemical and En-
vironmental Engineering, 4, 100147. https://doi.
org/10.1016/j.cscee.2021.100147

4. Buenaio, L.,Ali, E., Jafer, A., Zaki, S. H., Hammady, F.
J.,Khayoun Alsaadi, S. B., Karim, M. M., Ramadan, M.
F., Omran, A. A., Alawadi, A., Alsalamy, A., Kazemi,
A. (2024). Optimization by Box—Behnken design for
environmental contaminants removal using magnetic
nanocomposite. Scientific Reports, 14, 57616. https://
doi.org/10.1038/s41598-024-57616-8

5. Das, T. K., Poater, A. (2021). Review on the use of
heavy metal deposits from water treatment waste
towards catalytic chemical syntheses. Internation-
al Journal of Molecular Sciences, 22(24), 13383.
https://doi.org/10.3390/ijms222413383

6. Elkhaleefa, A., Ali, I. H., Brima, E. 1., Shigidi, I.,
Elhag, A. B., Karama, B. (2021). Evaluation of the

402

adsorption efficiency on the removal of lead (II)
ions from aqueous solutions using Azadirachta in-
dica leaves as an adsorbent. Processes, 9(3), 559.
https://doi.org/10.3390/pr9030559

7. Foo, K. Y., Hameed, B. H. (2021). Insights into the

modeling of adsorption isotherm systems. Chemi-
cal Engineering Journal, 413, 127524. https://doi.
org/10.1016/j.cej.2020.127524

8. Ghani, Z. A., Yusoff, M. S., Zaman, N. Q., Zamri, M.

F.M. A., Andas, J. (2017). Optimization of prepara-
tion conditions for activated carbon from banana
pseudo-stem using response surface methodology
on removal of color and COD from landfill leach-
ate. Waste Management, 62, 177-187. https://doi.
org/10.1016/j.wasman.2017.02.026

9. Gupta, R., Gupta, S. K., Gehlot, C. L., Bahadur, L.

(2023). Chemically modified jackfruit leaves as a
low-cost agro-waste adsorbent for Pb(II) removal
from synthetic wastewater. Journal of Hazard-
ous Materials Advances, 10, 100292. https://doi.
org/10.1016/j.hazadv.2023.100292

10. Hassan, M., et al. (2020). Critical review of mag-
netic biosorbents: Their preparation, application,
and regeneration for wastewater treatment. Science
of the Total Environment, 702, 134893. https://doi.
org/10.1016/j.scitotenv.2019.134893

11.Loan, H. T., Quyen, N. T. (2024). An investiga-
tion of the adsorption capacity of activated carbon
made from rice husks using the iodine number
method. Journal of Applied Science and Technol-
ogy, 41, 78-83. https://jst.utehy.edu.vn/index.php/
jst/article/view/677

12. Olawale, S. A., Bonilla-Petriciolet, A., Mendoza-
Castillo, D. 1., Okafor, C. C., Sellaoui, L., Badawi,
M. (2022). Thermodynamics and mechanism of
the adsorption of heavy metal ions on keratin bio-
masses for wastewater detoxification. Adsorption
Science & Technology, 2022, 7384924. https://doi.
org/10.1155/2022/7384924

13.Qasem, N. A. A., Mohammed, R. H., Lawal, D.
U. (2021). Removal of heavy metal ions from
wastewater: A comprehensive and critical review.
npj Clean Water, 4, 36. https://doi.org/10.1038/
s41545-021-00127-0

14. Raji, Z., Karim, A., Karam, A., Khalloufi, S. (2023).
Adsorption of heavy metals: Mechanisms, kinetics,
and applications of various adsorbents in wastewa-
ter remediation—A review. Waste, 1(3), 775-805.
https://doi.org/10.3390/waste1030046

15.Razzak, S. A., Faruque, M. O., Alsheikh, Z.,
Alsheikhmohamad, L., Alkuroud, D., Alfayez, A.,
Hossain, S. M. Z., Hossain, M. M. (2022). A com-
prehensive review on conventional and biological-
driven heavy metals removal from industrial waste-
water. Environmental Advances, 7, 100168. https://
doi.org/10.1016/j.envadv.2022.100168



Ecological Engineering & Environmental Technology 2026, 27(9), 391-403

16.Rehman, A., Park, M., Park, S. J. (2019). Current

17.

18.

progress on the surface chemical modification of
carbonaceous materials. Coatings, 9(2), 103. https://
doi.org/10.3390/coatings9020103

Rukayat, O. O., Usman, M. F., Elizabeth, O. M.,
Abosede, O. O., Faith, I. U. (2021). Kinetic ad-
sorption of heavy metal (copper) on rubber (Hevea
brasiliensis) leaf powder. South African Journal of
Chemical Engineering, 37, 100—106. https://doi.
org/10.1016/j.sajce.2021.04.004

Shah, I. H., Farooqi, I. H., Bhatti, H. N., Khan,
M. 1. (2021). Application of atomic absorption
spectroscopy for heavy metal determination in

wastewater samples. Journal of Environmental
Chemical Engineering, 9(6), 106734. https://doi.
org/10.1016/j.jece.2021.106734

19. Smoczynski, L., Pierozynski, B., Mikotajczyk, T.

(2020). The effect of temperature on the biosorption
of dyes from aqueous solutions. Processes, 8(6),
636. https://doi.org/10.3390/pr8060636

20. Vidu, R., Matei, E., Predescu, A. M., Alhalaili, B.,

Pantilimon, C., Tarcea, C., Predescu, C. (2020). Re-
moval of heavy metals from wastewaters: A chal-
lenge from current treatment methods to nanotech-
nology applications. Toxics, 8(4), 101. https://doi.
org/10.3390/toxics8040101

403



