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ABSTRACT. The aim of this study was to investigate the removal of Pb and Cd ions from aqueous solutions using Nanocellulose
(NC) extracted from banana pseudostem fiber. The microstructure and properties of nanocellulose were characterized using
various techniques, including Fourier transform infrared (FTIR), transmission electron microscopy (TEM), energy dispersive X-
ray (EDX) coupled with field emission scanning electron microscopy (FE-SEM), and Brunauer-Emmett-Teller (BET) analysis.
The adsorption process was evaluated by analyzing several influencing factors, including pH (3 —7), contact time (20 — 100 min),
initial concentration (10 — 50 mg/L), and adsorbent dose (0.05 — 0.25 g). The kinetics of adsorption were studied using the
pseudo-first-order and pseudo-second-order models, while the adsorption isotherms were analyzed using the Langmuir and
Freundlich models. Optimal adsorption conditions were determined to be pH 5 for Pb?* and pH 6 for Cd?* with a contact time
of 60 minutes. The NC achieved adsorption percentages of 96.22% and 92.5% for Pb2* and Cd?*, respectively, with corresponding
adsorption capacities of 24.02 mg/g and 20.54 mg/g. The findings demonstrate that the adsorption process of Pb?* and Cd*" onto
the surface of NC followed the 2™ order kinetic, as evidenced by the high values of (R?) 0.98019 and 0.98428 for Pb and Cd
ions, respectively, compared to the 1% order model with values of 0.8048 and 0.67804. Furthermore, the Langmuir model was
found to be a better fit for the adsorption process, with (R?) values 0of 0.97001 and 0.94761 for lead and cadmium ions, respectively,
compared to the Freundlich model with values of 0.93307 and 0.9086. The BET analysis showed a surface area of 52.3891 m%/g
for NC. The results of the adsorption process at optimal conditions indicate that the surface of the NC is somewhat effective in
the adsorption of lead and cadmium ions from aqueous solutions. This indicates its potential for application in water treatment,
especially for industrial wastewater remediation.
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1. INTRODUCTION

In recent years, there has been a notable rise in domestic chores, agricultural activities, and industrial operations
globally, resulting in the discharge of numerous contaminants into aquatic ecosystems (Aziz et al., 2023). These
contaminants comprise hazardous heavy metals, which provide a significant risk to both human health and the
ecology (Mitra et al., 2022). Heavy metal contamination has emerged as a significant issue owing to its toxicity and
detrimental effects on living creatures (Mitra et al., 2022; Briffa et al., 2020). Heavy metals can interfere with the
body's metabolic functions, even at minimal amounts. The ingestion of drinking water polluted with lead (Pb) can
result in neonatal fatalities, infertility, gastrointestinal discomfort, and harm to the liver, kidneys, and brain
(Tchounwou et al., 2012). Likewise, exposure to cadmium can result in grave repercussions, including cancer,
hypertension, peripheral nervous system damage, and impairment of lung and kidney function. It is imperative that

we confront these concerns and implement appropriate actions to alleviate the effects of heavy metal pollution on our
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environment and health (Rafati Rahimzadeh et al., 2017).

A variety of techniques have been employed to eliminate heavy metals from contaminated water sources. The
procedures comprise sedimentation, chemical reduction, adsorption, ion exchange, lime precipitation, membrane
filtering, and solvent extraction (Yadav et al. 2021; Isawi, 2020). Each of these systems possesses distinct advantages
and downsides, including elevated costs, significant time investment, and substantial material expenses. These
processes are expensive and labor-intensive, with the exception of adsorption. Adsorption is the predominant method
employed for water treatment, attributed to its advantageous characteristics, including operational simplicity, energy
efficiency, liquid sludge generation, and rapid pollutant recovery (Ariffin et al., 2017; Akhtar et al., 2025). Adsorption
entails physical and chemical interactions between metal ions and diverse functional groups, such as sulfate,

phosphate, amino, and carboxyl (Mahfoudhi & Boufi, 2017; Kaur et al., 2020; Kara et al., 2021).

Recent advancements in nanotechnology have suggested the application of nanomaterials for the remediation of water
contamination caused by heavy metals, owing to their beneficial qualities (Ahmad & Mirza, 2018). Plant extracts are
crucial in the development of sustainable nano biomaterials because of their abundant availability as renewable
resources. Among these extracts, cellulose is the most abundant, providing solutions to issues with material renewal,
toxicity, cost, energy consumption, and biodegradability (Reshmy et al., 2022; Wang et al., 2019). This carbohydrate,
derived from biomass such as agricultural by-products, forest leftovers, and diverse plant materials, signifies a viable

method for generating value-added products (Blasi et al., 2023).

Nanocellulose derived from cellulose sourced from biomass waste has garnered considerable scientific interest owing
to its biodegradability, regenerative capabilities, distinctive chemical and physical properties, as well as its extensive
applications (Tshikovhi et al., 2020; Panchal et al., 2018). It is a biopolymer that can exist in the form of fibers or
crystals with nanometer dimensions and a diameter of less than 100 nm (Mo et al., 2020). Cellulose possesses a
surface abundant in reactive hydroxyl groups, facilitating the alteration of nanocellulose and enhancing its efficacy

(Tshikovhi et al., 2020; Kim et al., 2016; Grishkewich et al., 2017).

The banana pseudostem fiber, characterized by its abundance, elevated cellulose content, cost-effectiveness, and
renewability relative to other biomass, has been thoroughly investigated as an adsorbent for water treatment,
encompassing the extraction of metal ions, dyes, pesticides, inorganic cations, and various organic compounds in
water and wastewater (Ali, 2017, Farias et al., 2023). A viable approach to augment the value of banana biomass is
through the extraction of Nanocellulose (NC) from this material. Banana waste is rich in lignocellulosic components,
including hemicellulose, cellulose, and lignin, rendering it a significant source for nanocellulose extraction (Zaini et
al., 2023). The abundance of functional groups, including thiol, amino, and ester groups, on the surface of extracted
NC renders it a promising, cost-effective renewable adsorbent for the removal of pollutants from water (Ram &

Chauhan, 2018).

This study involved the processing of readily accessible banana pseudostem fiber in a local setting, where cellulose
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was extracted and transformed into nanocellulose using acid hydrolysis and mechanical agitation with ultrasonication.
The characterisation was conducted to investigate the microstructure and properties of nanocellulose, employing FT-
IR to assess chemical structure, while the dimensions of the nanocellulose were ascertained using TEM. Elemental
surface analysis was conducted via EDX, whereas surface area and pore diameter were evaluated using BET.
Nanocellulose was employed to eliminate lead (Pb) and cadmium (Cd) ions from aqueous solutions, considering
several parameters that influence the adsorption process. The parameters encompass pH, contact duration, starting
ion concentration, and the quantity of adsorbent utilized. The research examined the kinetics and adsorption isotherms

of Pb?" and Cd*" ions on the surface of nanocellulose.

2. METHODOLOGY
2.1. Chemicals

In this research, a variety of chemicals were used, including sodium hydroxide (NaOH, 97%, HIMEDI), hydrogen
peroxide (H20,, 6%, SAMA PHARMA), sodium hypochlorite (NaOCl, 5.5%, UCL, Yemen), and ethanol (C,HsOH,
98%, LOBA CHEMIE, INDIA). Other chemicals used were lead nitrate (Pb (NOs),) and cadmium nitrate Cd
((NOs)2"4H,0) provided by LOBA CHEMIE PVT. LTD. Additionally, acetic acid (CH;COOH, 100%, LOBA
CHEMIE, INDIA), hydrochloric acid (HCI, 35%, MERCK, GERMANY), sulfuric acid (H,SO4, 98%, MERCK,
GERMANY), and Nitric Acid (HNOs, 67%, MERCK, GERMANY). The analytical reagent grade chemicals were
used without any additional purification processes. Deionized water (DIW) was consistently utilized in all

experiments.
2.2. Pre-treatment of Sample

The fibers were manually removed from waste banana pseudostem (BPs) sourced from a local plantation using a
dehulling process. Subsequently, the fibers were immersed in tap water and subsequently in heated deionized water,
followed by thorough washing to eliminate contaminants. The material was segmented into small pieces measuring
between 1 to 3 cm and dehydrated at 105 °C in an oven (J.P. SELECTA, SAPAIN) until a stable weight was attained
(Sultana et al., 2020).

2.3. Extraction of Nanocellulose (NC)

The NC extraction procedure adhered to the protocol established in the previously published work by Al-Dabash &
Al-Kahali (2024).

2.3.1. Degumming Process

The isolated fibers were degummed by refluxing the sample on a hot plate for two hours in a 12% w/v sodium
hydroxide solution. A two-hour treatment with a 1% w/v H,O, solution ensued. The samples were subsequently
neutralized with 1% v/v acetic acid and re-treated with 6% w/v sodium hydroxide, followed by 1% w/v hydrogen
peroxide. Subsequent to neutralization, the fibers were washed thrice with heated distilled water. The fiber-to-solution

ratio was sustained at 1:15 (1 g of fiber in 15 mL of solution). The fibers were further dried in an oven at 60 °C for
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16 hours, followed by size reduction through grinding and sieving.
2.3.2. Delignification Process

The fiber sample was delignified by boiling in 2% wt/v Na2SO3 for 10 minutes, followed by bleaching in 5% wt/v
NaOCl for 30 minutes on a hot plate with magnetic stirring at 500 rpm. Prior to bleaching, the pH of the NaOCl was
modified to 4-5 by including 5% (v/v) CH3COOH, maintaining a fiber-to-solution ratio of 1:10 (1 g of fibers in 10
mL of solution). The delignification process was conducted twice until the fibers were entirely white, followed by
three washes with hot distilled water. Thereafter, the delignified fibers were immersed in a 17.5% w/v NaOH solution
for one hour to yield pure cellulose. The mixture was neutralized with a 10% v/v CH3COOH solution and
subsequently washed many times with deionized water until the filtrate attained a pH of 7. Subsequently, the cellulose
was rinsed with 95% v/v ethanol and dehydrated in an oven at 60 °C for 16 hours (Lacaran et al., 2021; Islam et al.,

2021).
2.3.3. Acid Hydrolysis and Ultrasonication

Nanocellulose was generated from cellulose isolated from banana pseudostem fiber using acid hydrolysis and
ultrasound treatment. Fifteen grams of cellulose powder were combined with 60% v/v H2SO4, maintaining a fiber-
to-solution ratio of 1:10 (1 gram of cellulose for 10 mL of H,SO4). The mixture underwent hydrolysis at 45 °C for 90
minutes with continuous agitation via a magnetic stirrer at 500 rpm. The reaction was subsequently halted by
introducing double the volume of cold deionized water (10 °C) and neutralizing to a pH of 67 using a 2% w/v
sodium hydroxide solution. The suspension was sonicated at 1% w/v using an ultrasonic bath (MU 14 /50—60 kHz)
for 90 minutes, followed by centrifugation (DENLEY BS400 Centrifuge) at 6000 rpm for 15 minutes multiple times
with deionized water. The sample was subsequently desiccated in an oven at 80 °C for 48 hours (Sukyai et al., 2018;

Merais et al., 2022; Onkarappa et al., 2020; Lacaran et al., 2021).
2.4. Characterization of Nanocellulose as an Adsorbent

The surface morphology and dimensional distribution of the NC were analyzed using two techniques. The initial
method, employing the Bozzola Russell methodology (1999), utilized the TEM-JEOL JEM-100CX II. The second
method utilized a TEM-JEOL JEM-1400 and implemented the sample dissolving and dispersion technique with
distilled water. The Fourier transform infrared (FT-IR) technique was employed to ascertain the functional groups of
the NC, utilizing a Perkin Elmer spectrometer (Model: Nicolet 380, Manufacturer: Thermo Fisher Scientific) over a
wavelength range of 400 to 4000 cm™!, with an accuracy of 4 cm™'. The elements Carbon, Oxygen, and Sulphur were
examined, demonstrating the purity of the NC by Energy Dispersive X-ray (EDX) analysis linked with the FEI-SEM
apparatus (FEI Company, Hillsboro, Oregon, USA). The surface area and porosity of NC were assessed by Brunauer-
Emmett-Teller analysis (Quantachrome NOVA touch LX2, Micromeritics, USA).

2.5. Batch Adsorption Experiments

The stock solutions of lead and cadmium (1000 mg/L) were formulated by dissolving 1.5985 g of Pb(NOs3), and
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2.7435 g of Cd(NOs),-4H,0O in deionized water, respectively. Batch adsorption tests utilize 50 ml of solutions
containing Pb*" or Cd*". The pH level was modified utilizing (0.1 M) HCI or (0.1 M) NaOH. Mixing was conducted
in a shaker incubator at 180 rpm and ambient temperature. The parameters affecting the adsorption process were
examined, including pH (3 — 7), contact duration (20 — 100 minutes), starting metal ion concentration (10 — 50 mg/L),
and adsorbent dosage (0.05 — 0.25 g). Following the specified reaction duration, the adsorbent was isolated from the
solution via centrifugation (MCL-DMO0412 Centrifuge) at 3000 rpm for 5 minutes (Birgani et al., 2022; Abiaziem et
al., 2019). A control experiment was conducted without the use of an adsorbent to ascertain any potential analyte loss
via mechanisms other than adsorption. The residual concentrations of Pb** and Cd*" ions were quantified post-
adsorption via Atomic Absorption Spectrophotometry (AAS) (Perkin Elmer Analyst 400 /USA) by comparing the

observed absorbance to the relevant standard on the calibration curve.
2.5.1. Data Analysis

The removal (%) of metal ions in each experiment was determined by using Eq. (1) (Farias et al., 2023):

Removal (%) = % % 100 -++eeeeer (1)
0

The determination of the adsorption capacity (q;) has been conducted to quantify the concentration of the adsorbed
metal ion per unit mass of the adsorbent material (mg/g) at a designated contact time (t), employing Eq. (2) (V&quez-
Guerrero et al., 2021):

_ (Co—CpxV
m

dt

The determination of the adsorption capacity (q.) has been conducted to quantify the concentration of the adsorbed

metal ion per unit mass of the adsorbent material (mg/g) at equilibrium, using Eq. (3) (Farias et al., 2023):

Where Cy, C;, and C, (mg/L), the initial concentration, the residual concentration at a time (t), and the equilibrium
concentrations of heavy metal ions, respectively. V (L) refers to the volume of the solution containing the Pb*" and

Cd*" ions, and m (g) is the mass of the NC adsorbent.
2.5.2. Adsorption Kinetic Study

The data collected from studying the impact of contact time on the adsorption process of Pb?" and Cd** by NC were
analyzed using linear regression of the pseudo-first-order (1 order) and pseudo-second-order (2" order) models,
respectively. These models were chosen due to their widespread use and acceptance in studies on heavy metal
adsorption by biosorbents. They have previously been used by Birgani et al. (2022), Dehvari et al. (2021), and
Abiaziem et al. (2019).

2.5.2.1. Pseudo-first-order kinetic model
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The 1% order kinetic model, developed by Lagergren, is expressed by Eq. (4) (Rahman et al., 2021).

Log (ge — qp) = Logqe — (K )t e 4)

2.303

By using Eq. (4), a plot of log (qe—q¢) on y-axis versus time values (t) on x-axis will give a straight line of 1% order

adsorption model with y-intercept of (log q.) and a graph slope equals (-ki/2.303).
2.5.2.2. Pseudo-second-order kinetic model

The 2" order kinetic model is predicated on the assumption that the rate determining step involves chemi-adsorption

(Ho et al., 1998). This model is represented in its linear Eq. (5) (Rahman et al., 2021):

(i):(kzlqg)J’(i)t .......... (5)

The graph of (t/q;) on the y-axis against time (t) on the x-axis displays a linear relationship. This relationship can be

used to determine second-order constants. The slope of the graph represents (1/q.), while the y-intercept represents

(1/K2qed).

Where q; represents the adsorption capacity (mg/g) at a specific time (t) per unit weight of NC adsorbent, g is the
adsorption capacity at equilibrium (mg/g), K, is the 1% order rate constant (1/min), and ks represents the 2" order rate

constant at equilibrium with a unit of (g/min.mg)
2.5.3. Adsorption Isotherm Study

The experimental data from a study on the effect of concentration on the adsorption process of Pb?* and Cd** by NC
was used to study the adsorption isotherm at room temperature using the Langmuir and Freundlich models. The
experimental data for Pb*" and Cd** were fitted to the isotherm models using linear regression equations. The models
used in this study have been previously used in studying the adsorption process of heavy metal ions on biosorbents

surfaces by Birgani et al. (2022), Dehvari et al. (2021), and Abiaziem et al. (2019).
2.5.3.1. Langmuir Isotherm Model

The Langmuir model characterizes the adsorption process as a monolayer on a homogeneous surface. This model can

be linearly expressed by Eq. (6) (Foo & Hameed, 2010; Swenson & Stadie, 2019).

Ce _ 1 +(1)Ce .......... (6)

Je KLdmax

By using Eq. (6), a plot of (C¢/qe) values versus C. values can be created for each adsorption, allowing for the
determination of the Langmuir isotherm parameters. The slope of the plot represents (1/qmax), While the y-intercept

represents (1/Krgmax).

The Langmuir isotherm is significantly relied on by the dimensionless equilibrium parameter (Ri), which acts as a

separation factor. It is expressed in Eq. (7) (Abiaziem et al., 2019).
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R S (7)

1+ K1,Co

Ry,

Where: Ry describes the probability of the adsorption process. If Ry > 1, then the adsorption process would be
unfavorable, and if 0 <Ry < 1, then this corresponds to an energetically favorable adsorption process. Lastly, if Ry =0,

the adsorption process can be irreversible (Abiaziem et al., 2019).

2.5.3.2. Freundlich Isotherm Model

The Freundlich model characterizes the adsorption process as multilayered and heterogeneous in nature. This model

can be represented mathematically by Eq. (8). (Chen et al., 2017; Appel, 1973).
Log q. = Log Kp + (i) LOg Cy weveeeeee ®

Depending on Eq. (8), a plot of log q. on the y-axis versus log C. on the x-axis can be used to detect the parameters

for the Freundlich isotherm including log Kr as the plot y-intercept and slope is the (1/n) value.

2.5.4. Analysis of Statistical

The experiments and findings were reported as mean + standard deviation (SD) and standard error (SE). Linear
regression equations and Pearson's equation were employed to compute correlation coefficients (R?) for evaluating
the compatibility of the adsorption models with the data. Moreover, Origin was employed to generate figures and

graphical representations for the analysis of adsorption.

3. RESULTS AND DISCUSSION
3.1. Characterization of Nanocellulose
3.1.1. TEM Characterization

As previously delineated (Al-Dabash & Al-Kahali, 2024), the initial method (Figure 1a) illustrates a fibrous mesh
configuration formed by interlaced strands of nanocellulose (NC). The diameter and length of the nanofibrils were
ascertained via image analysis (Image J) of TEM micrographs, utilizing a minimum of 200 nanofibrils. The mean
diameter and length of NC fibers were 28.9 &+ 16.2 nm and 166.2 + 104.5 nm, respectively. The rise in deviations
from the average length dimensions can be ascribed to the measurement of fibers from all TEM images obtained
using the approach of Bozzola and Russell (1999) and the protocol of the Asyut Medical Unit. In this approach, water
was eliminated by sequentially substituting the solution with 30%, 50%, 70%, and 90% aqueous ethanol, each for a
duration of two hours. This led to slight variations in the dimensions of the photos and affected the standard deviation.
Furthermore, spherical cellulose nanocrystals were detected in the second approach, as illustrated in Figure 1b. The
mean diameter of the NC sphere was 37.23 + 6.93 nm. The histogram of particle size distribution (Gaussian curve)

for NC-A sphericals is presented in Figure 1c.
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Figure 1. a, b) TEM images of NC and c) the diameter distribution of the NC spherical in image (b).

FTIR Characterization

Figure 2 displays the FT-IR spectra of NC extracted from banana pseudostem fiber. The peak at 3347.78 cm™ indicates

O-H stretching vibrations, while the notable spectral characteristics at 2894.55 cm™! are associated with C-H bond
stretching vibrations (Zhao et al., 2017; Evans et al., 2019). Additionally, specific signals related to cellulose are
detected at 1640.50 cm™ for C-H stretching, 1373.67 cm™ for C-H bending vibration, 1324.22 cm™ for CH, wagging,

1161.92 cm™! for asymmetric vibration of C-O-C, 1116.76 cm™ for stretching vibration of C-O-C pyranose ring,

1060.50 cm™! for stretching vibration of C-O, and 898.25 ¢m™ for symmetric vibration of C-H from B-glycosidic
linkages (Chen et al., 2019; Samsudin et al., 2020; Moosavinejad et al., 2019). The peaks at 1276.70 cm!, 1241.99

cm’!, and 611.80 cm™ in the NC spectra are ascribed to S=O vibrations arising from the acid hydrolysis process.
(Mamudu et al., 2023; Ramos-Vargas et al., 2020).
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Figure 2. FTIR spectra of NC adsorbent

3.1.3 EDX Characterization

An first study was performed on a designated segment of NC utilizing energy-dispersive X-ray spectroscopy (EDX)

in conjunction with field-emission scanning electron microscopy (FEI-SEM), as illustrated in Figure 3.
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Figure 3. Chemical spectral analysis of NC by EDX associated with FEI-SEM

The average weight and atomic ratios of carbon (C), oxygen (O), and sulfur (S) on the surface of NC are shown in
Table 1.

Table 1. Average + SD the weight and atomic ratios of C, O and S on the surface of NC.

Ratio (%) Carbon (C) Oxygen (O) Sulfur (S)

Weight 5093+3.56 44.47+548 4.60+2.39
Atom 56.23+1.72  41.60+1.87 2.17+1.12

The EDX analysis revealed distinct peaks at approximately 0.20 keV, 0.50 keV, and (2.20 and 2.50 keV), which can
be attributed to the energy levels of carbon, oxygen, and sulfur, respectively. The presence of sulfur in NC can
primarily be attributed to the generation of anionic sulfate groups (O-SO5") during the acid hydrolysis of sulfuric acid.
This has occurred despite multiple washings of the suspension with DIW during centrifugation. The persistence of

these sulfate groups can be attributed to their inherent resistance to removal, as they tend to adsorb onto the surface
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of the nanocellulose (NC) during the acid hydrolysis process. The energy-dispersive X-ray (EDX) analysis
corroborates the high purity levels of NC, aligning well with the Fourier-transform infrared (FTIR) spectra, which
confirms the successful chemical treatments that have thoroughly eliminated hemicellulose and lignin. The findings
align with prior study by Baraskar et al. (2023) and Dehvari et al. (2021), indicating that the NC surface possesses
significant potential as an adsorbent for cationic contaminants. This is due to the presence of ionic O-SO?- groups, as

verified by EDX analysis, along with the dense anionic hydroxide groups on the surface of NC.

3.1.4. Brunauer-Emmett-Teller (BET) analysis

The surface area and porosity of the NC were determined using a nitrogen adsorption-desorption technique at 77.35 'K,
as shown in (Figure 4). The average data obtained for NC for surface area (m?/g), total pore volume (cm®/g), and

analyzer average pore size (nm) using Brunauer-Emmett-Teller (BET) analysis, are presented in Table 2.

120
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Figure 4. Adsorption and desorption isotherms in nitrogen gas for NC

Table 2. Comparison of adsorption surface area, total pore volume, and average pore size of NC with previous

literature.
Feedstocks Surface area Pore volume Pore Diameter Reference
(m?/g) (em’/g) (nm)
Banana Pseudostem Fibers 52.3891 0.17752 6.77698 This study
Sugarcane Bagasse 1.8614 0.4277 9.4775 (Dehvari et al., 2021)
Wheat Straw 6.7 0.075 4.6 (Kaur & Pal, 2023)
Rice Husk 17.706 0.011 2.32589 (Baraskar et al., 2023)

3.2.  Adsorption Studies
3.2.1. Effect of Some Parameters on Heavy Metal Ions Removal
3.2.1.1. Effect of pH Value

The pH of a solution is an important factor in determining the adsorption process, as it affects the surface charge of

the adsorbent and the degree of ionization of the adsorbate.
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Figure 5. Effect of pH on a) removal (%) and b) adsorption capacity (q.) of Pb** & Cd** onto the NC. Conditions:
0.125 g of NC; 50 mL ion solution at Cp = 20 mg. L.

Figure 5a & 5b shows the removal (%) and adsorption capacity (q.) of Pb** and Cd** on the adsorbent surface at
different pH levels (pH = 3 -7) in the aqueous solutions. It can be seen that the adsorption efficiency improves as the
pH increases, reaching its highest point with Pb*" at pH 5.0 and with Cd** at pH 6.0. However, the removal (%)
diminishes as the pH continues to increase. The Pb*" achieved the highest percentage at 89.5%, while cadmium
achieved the highest percentage at 82.6%. The adsorption amounts at equilibrium for these ions were 7.160 mg/g and
6.608 mg/g, respectively. The adsorption capacity for Pb** and Cd** ions increases as the pH increases due to reduced
competition between protons and the positively charged metal ions for binding sites on the surface of the NC. This is
because at higher pH levels, there are fewer protons present to compete with the metal ions for binding sites. This
allows for a greater amount of metal ions to bind to the surface of the NC, driven by electrostatic repulsion between
the adsorbent surface and the ions in the solution (Dong et al., 2019). However, once the pH has been optimized for
the NC, there is a decline in the percentage of adsorption for Pb?>"and Cd** ions. This is due to the formation of soluble
hydroxide complexes, which reduces the efficiency of adsorption for these ions (Baraskar et al., 2023; Qiu et al.,

2016).

3.2.1.2. Effect of Contact Time

Contact time significantly affects the removal efficiency of the adsorbent, as it impacts the equilibrium properties of
the adsorption process. Therefore, the effect of time on the adsorption of Pb?" and Cd** by NC was examined in batch

mode for durations ranging from 20 to 100 minutes, at a temperature range of 25 °C.
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Figure 6. Effect of contact time on a) removal (%) and b) adsorption capacity (q.) of Pb** & Cd** onto the NC.
Conditions: 0.125 g of NC; 50 mL ion solution; Co = 20 mg. L at the optimum pH values.

Figure 6a and 6b suggest that the equilibrium was reached after 60 min on NC, resulting in a removal of 89.1% for
Pb*" and 82.9% for Cd*". The amount of adsorbed for these ions at equilibrium was 7.128 mg/g and 6.416 mg/g,
respectively. The results also show a significant increase in the adsorption percentage of both ions during the initial
40 minutes. The initial rapid adsorption is due to the availability of unoccupied regions on the adsorbent surface,
allowing for greater acceptance of ions (Saini etal., 2019). However, as the surface becomes saturated, these locations
become unavailable over time, resulting in a slower adsorption percentage (Birgani et al., 2022). Therefore, a contact
time of 60 min was determined to be the optimal duration for the adsorption of Pb?" and Cd** in aqueous solutions

onto NC.

3.2.1.3. Effect of Metal lon Concentration

The impact of metal ion concentration on adsorption is a crucial factor in adsorption research, as it can offer a valuable
understanding of the correlation between the initial mineral ion concentration and maximum adsorption capacity
(qmax)- In this study, the concentrations of Pb*" and Cd** were examined between 10-50 mg/L to investigate their

effects in batch mode.

100 2+
I Po
,_,_.\\_\(a) 15] () s
~~ 80
g} }’4\\‘\' 124
Nl R
< D 9,
> (@]
O 40+ \E, 6
£ &
L 201 ——Pb%* 34
D: —o—Cd2+
0 . . : : 0-
0 10 20 40 50 0 10 20 30 40 50

30
Co (mg/L) Co (Mg/L)

Figure 7. Effect of initial concentration on a) removal (%) and b) adsorption capacity (qe) of Pb** & Cd*" on the
NC. Conditions: 0.125 g of NC; 50.0 mL ion solution; at optimal conditions for pH and contact time.
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In Figure 7a & 7b, it can be observed that the removal (%) of Pb*" and Cd** on NC decreases from 90.8 % to 79.3 %
and 82.1 % to 66.0 %, respectively, as the concentration of metal ions increases from 10-50 mg/L. At a concentration
of 10 mg/L, the percentage for Pb* and Cd** is 90.8 % and 82.1%, respectively, due to the presence of numerous
active sites on the surface of the adsorbent (Kebede et al., 2018). However, as the concentration increases, these active
sites become saturated with metal ions, resulting in a decrease in the adsorption of Pb?* and Cd*". In contrast, the
adsorption capacity of NC for Pb** and Cd*" increases from 3.5800 to 15.9200 mg/g and 3.2160 to 13.200 mg/g,
respectively. This is consistent with previous studies (Birgani et al., 2022; Dehvari et al., 2021; Abiaziem et al., 2019;
Kardam et al., 2014). Based on these results, a concentration of 20 mg/L was determined to be the optimal

concentration for the adsorption of Pb?>" and Cd** on NC from aqueous solutions.

3.2.1.4. Effect of Adsorbent Dose

The impact of the quantity of adsorbent NC on the adsorption of Pb®" and Cd** ions was investigated under optimal
conditions of pH, contact time, and initial concentration, using varying dose of adsorbent material ranging between
(0.05 - 0.25 g). These experiments were conducted at room temperature, and the results obtained were documented

in Figure 8a & 8b.
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Figure 8. Effect of NC dose on a) the removal (%) and b) the adsorption capacity (qe) of Pb*" and Cd**
onto the NC. Conditions: 50.0 mL Cd?" solution at optimal conditions for pH, contact time, and initial
concentration.

Based on the results in Figure 8a & 8b, the NC optimal amount of adsorption of Pb** and Cd** from aqueous solutions
at optimum conditions (pH, contact time, and initial concentration) was found to be 0.20 g/50 mL. The removal (%)
of'lead and cadmium ions was 96.2% and 92.5%, respectively. The adsorbed amounts of Pb and Cd ions at equilibrium
were 4.810 mg/g and 4.625 mg/g, respectively. At the low dosage of 0.05 g, the adsorption of heavy metal ions is
restricted due to the limited number of active binding sites available. However, as the dose increases, the adsorption
efficiency improves due to the availability of additional binding sites. Once the optimal dose of 0.20 g is achieved,
the adsorption efficiency remains constant because the surface sites become saturated and unable to adsorb further
ions. This phenomenon occurs due to the overlapping and crowding of adsorbed molecules, which hinders the

adsorption process (Yousefi et al., 2018), It is also noted from the results that lead ions have a higher selectivity for
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adsorption on the surface of NC compared to cadmium, this is consistent with the results of previous studies (Birgani
etal., 2022; Baraskar et al., 2023; Kardam et al., 2014),

3.2.2. Investigation of Adsorption Kinetic Models

In this study, the adsorption kinetics of Pb?" and Cd*" on the NC adsorbent were determined using the 1% order Eq.
(4) and the 2" order Eq. (5). The corresponding graphs for these models can be seen in Figure 9, and a summary of

the results is shown in Table 3.
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Figure 9. Linear relationship of adsorption kinetic models for Pb** ions (a, b), and for Cd*" ions (¢, d) on NC.

The analysis of the results summarized in (Tables 3) reveals that the correlation coefficient values (R?) for the
adsorption of Pb*" and Cd** onto the surface of NC, as estimated by the 1% order model, are lower than the R? values
obtained for the same ions when adsorbed onto NC compared to the 2" order model. Additionally, a notable difference
was observed between the practical adsorption amount at equilibrium (qe xp.) and the theoretical adsorption quantity
(ge cat.) for both Pb*" and Cd** using the 1 order model noted in the R? value, while note a convergence between the
experimentally determined adsorption capacity (qe exp-) and the theoretically calculated adsorption capacity (qe cai.) at
equilibrium for Pb?* and Cd?** using the 2" order model as shown in the value of R?. Consequently, it can be inferred
that the 2" order model is more suitable than the 1% order model for describing the adsorption of Pb?>" and Cd*" onto
the surface of NC. These results are consistent with the findings of previous studies, which have shown the dominance

of the 2™ order during the adsorption process of Pb?" or Cd*"ions or both on the surface of NC extracted from plant
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biomass waste by the acid hydrolysis method, including the studies of Baraskar et al. (2023), Kaur et al. (2020), Kara
et al. (2021), and Dehvari et al. (2021). However, these results contrast with other studies where the 1% order was
found to be more applicable during the adsorption process, as such the study by Birgani et al. (2022), Kaur & Pal
(2023), and Ramos-Vargas et al. (2020).

Table 3. Summary of calculated parameters for 1% order and 2™ order kinetic models for the adsorption of Pb*" and

Cd** on NC.
Metal ions
kinetic Model Parameters Pb? Cd**
e exp.(ME/g) 7.26400 = 6.65600
ki(1/min) 0.04658 | 0.04339
Pseudo-first-order e cal. (Mg/g) 5.9473 4.25790
R? 0.8048 0.67804
ks (g/mg.min) = 0.0057 0.0081
Pseudo-second-order Je cal. (Mg/g) 8.85030 = 7.69350
R? 0.98019 = 0.98428

3.2.3. Investigation on Adsorption Isotherms Models

The adsorption isotherms of Pb and Cd ions were determined using the Langmuir and Freundlich models, as shown
in Eq. (6) and (8). Figure 10 shows the Langmuir and Freundlich diagrams for the adsorption of Pb** and Cd** on
NC, respectively.
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Figure 10. Linear relationship of adsorption isotherm models of Pb** (a, b) and Cd** (¢, d) on the NC at room
temperature.
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The presented parameters of isotherm models and correlation coefficient (R?) values in Table 4, for the adsorption of
Pb?" and Cd*" using the Langmuir and Freundlich isotherm models. The results indicate that the Langmuir model
accurately fits the experimental data and is the most suitable for describing the adsorption process of Pb** and Cd**
on the surfaces of the NC adsorbent. This is evident from the high correlation coefficient values (R?) and separation
factor (Rr) shown in Table 4. The Ry values obtained from Eq. (7) at equilibrium for Pb*" and Cd*" were 0.20 and
0.30, respectively. These values suggest favorable adsorption (0 < Ry < 1) according to the Langmuir model, which

assumes homogeneous adsorption sites on the adsorbent.

A similar trend can be observed in the results related to adsorption onto NC, which aligns with the research conducted
by Birgani et al. (2022) and Kardam et al. (2014). These studies analyzed the adsorption behavior of Pb?* and Cd*"
ions in aqueous solutions on the surface of NC, derived from plant biomass waste through acid hydrolysis, using the
Langmuir and Freundlich models. The findings showed that the Langmuir model provided the best fit for the
adsorption process. However, the outcomes of other investigations, such as those by Dehvari et al. (2021) and Kaur
et al. (2020), differ from these findings as they identified the Freundlich model as the most appropriate for describing

the adsorption process.

Table 4. The parameters calculated summary of the Langmuir and Freundlich isotherm model for Pb*" and Cd*" on

NC at 25 °C.
Metal Langmuir Freundlich
Ion
qmax (mg/g) K (L/mg) R? RL n Kr R?
Pb** 24.02 0.1973 0.97001 = 0.20 1.6084 @ 4.1673 | 0.93307
Cd* 20.54 0.1142 0.94761  0.30 = 1.5712 @ 2.4899 0.9086

The adsorption capacity (qmax) for Pb** and Cd** ions according to the Langmuir isotherm model was determined to
be 24.02 mg/g and 20.34 mg/g, respectively. In comparison with other adsorbents manufactured from natural
materials, based on these results, the nanocellulose produced in this work showed competitive performance (Table

5).

Table 5. A Comparison between the qmax of prepared NC other adsorbents manufactured from natural biomaterials

reported from literature sources.

Heavy Qmax

Adsorbent Type Metal Ion = (mg/g) Reference
NC Pb** 24.02 This work
Banana (Musa SPP.) Pseudostem fibers Cd** 20.54
NC Cd** 3.64 (Baraskar et al., 2023)
Rice (Oryza sativa L.) husk Pb? 3.45
NC ca* 20 (Dehvari et al., 2021)
Waste Sugarcane Bagasse (Saccharum officinarum L.)
NC Pb** 14.43 = (Abiaziem et al., 2019)
Cassava (Manihot esculenta) Peel
Commercial activated carbon Cca* 10.3 (Hydari et al., 2012)
Pb? 5.71 (Anwar et al., 2010)
Peels of banana Cca* 2.18
Pine bark modified with NaOH Pb% 11.40 (Argun et al., 2009)
Ca* 10.5
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4. CONCLUSION

The EDX analysis revealed the presence of sulfur on the surface of the Nanocellulose (NC), which is attributed to
the acidic hydrolysis resulting in the incorporation of sulfate groups (O-SOs’) into the NC. Additionally, the EBT
analysis showed that the NC has a surface area of 52.3891 m?/g. The presence of O-SO;™ groups and the increase in
surface area of NC enhance its ability to remove chemical pollutants from aqueous solutions. The adsorption results
indicate that NC has good adsorption efficiency to some extent of lead and cadmium ions, making the technique a
promising solution for water treatment, particularly industrial wastewater. Moreover, the addition of other nano-
particles or modification procedures to the NC surface could potentially enhance the efficiency and effectiveness in
treating heavy metal pollution. The use of biomass from the banana pseudostem offers a readily available and
sustainable solution for managing waste and utilizing it in various applications, including improving the quality of
water resources.
Current and future research on NC focuses on its potential and properties as a promising material for treating water
pollution. Based on our study, we propose the following recommendations:
o Evaluate the potential of extracted NC from banana biomass waste as a material with significant promise in
various applications, including treating water contamination with heavy metals and other chemical pollutants.
e Expand research efforts on NC to investigate its capacity for removing organic dyes, specifically applying it
to wastewater samples from the textile industry for further analysis.
o Investigate the recovery of the NC and its reuse in the removal of heavy metals and organic dyes, aiming to
evaluate its efficiency and the number of recovery cycles achievable while also considering feasibility studies.
o Utilize biomass residues from other locally abundant plants to extract NC, employing a cost-effective and
environmentally sustainable approach, while studying its properties and potential applications in treating

water pollution.
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