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Abstract

Heavy metal pollution of water caused by various anthropogenic
activities remains a significant global challenge, threatening the supply
of clean water. Conventional water remediation approaches are costly
with potential environmental risks. Thus, the development of cost-
effective and biodegradable remediation methods is imperative. This
study assessed the heavy metal adsorption capacities of native and
EDTA-modified elephant grass (Pennisetum purpureum) cellulose.
Elephant grass was collected from Enugu, Nigeria. The samples were
washed and shade-dried. Cellulose was extracted via alkali treatment
and bleaching, and then modified with EDTA to enhance its adsorptive
properties. Batch adsorption experiments were designed to evaluate
the capacities of unmodified and modified cellulose fibers to adsorb
heavy metals from aqueous solutions under controlled conditions. The
metal ion concentrations before and after adsorption were measured
using flame atomic absorption spectrophotometry, and the adsorption
capacities were calculated. The unmodified and modified cellulose
exhibited the highest affinity for Hg(IT) and Cd(II), respectively. Both
types effectively removed ~70% of the Hg and Cd ions from solution.
These results indicated that the unmodified cellulose was particularly
effective for Hg removal, while the modified cellulose excelled in
adsorbing Cd. They suggest the potential of these materials for the
targeted remediation of specific contaminants and also identify them
as cost-effective and biodegradable solutions for remediating heavy
metal pollution.

(")zet

Cesitli antropojenik faaliyetler sonucu agir metallerin neden oldugu
su kirliligi, temiz su kaynaklarini tehdit eden 6nemli bir kiiresel sorun
olmaya devam etmektedir. Geleneksel su aritma yontemleri maliyetli
olup, potansiyel cevresel dezavantajlari da bulunmaktadir. Bu nedenle,
uygun maliyetli ve biyolojik olarak parcalanabilir aritma tekniklerinin
gelistirilmesi  zorunludur. Bu c¢aligmada, sudan agir metallerin
uzaklagtirtlmasi icin fil otundan (Pennisetum purpureum) elde edilen
modifiye edilmemis ve EDTA ile modifiye edilmis seliilozun adsorpsiyon
kapasiteleri degerlendirilmistir. Fil otu Enugu, Nijerya’dan toplanmustir.
Ornekler yikanmus ve golgede kurutulmustur. Alkali islem ve agartma
yoluyla seliiloz ekstraksiyonu yapilan seliiloz, adsorpsiyon 6zelliklerini
gelistirmek icin EDTA ile modifiye edilmistir. Modifiye edilmemis ve
EDTA ile modifiye edilmis seliiloz liflerinin sulu ¢ozeltilerden agir
metalleri adsorbe etme kapasitelerini degerlendirmek igin kontrollii
kosullar altinda toplu adsorpsiyon deneyleri gerceklestirilmistir.
Adsorpsiyon oncesi ve sonrast metal iyon konsantrasyonlari alev atom
absorpsiyon spektrofotometresi kullanilarak 6l¢iilmils ve adsorpsiyon
kapasiteleri buna gore hesaplanmistir. Modifiye edilmemis ve edilmis
seliiloz en yiiksek afiniteyi sirastyla Hg(Il) ve Cd(Il) igin gostermistir.
Her iki seliiloz tipi ¢ozeltilerden yaklasik %70 oraninda Hg ve Cd
iyonlarin etkili bir sekilde uzaklastirmistir. Bulgular, modifiye edilmemis
selillozun Hg gideriminde ozellikle etkili oldugunu, modifiye seliillozun
ise Cd adsorpsiyonunda iistiin oldugunu gostermistir. Bu sonuglar, her
iki tip seliillozun belirli kirleticilere karst hedefli aritma potansiyeline
sahip oldugunu diisiindiirmektedir. Sonuglar bu maddelerin agir metal
aritimi i¢in uygun maliyetli ve biyolojik olarak pargalanabilir ¢oziimler
olarak ele alinabileceklerine isaret etmektedir.
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Introduction

Groundwater, a crucial natural resource supporting human
health and socio-economic development, as well as ecosystems,
has recently faced escalating contamination issues. The
global reliance on groundwater for drinking needs has grown
significantly, with ~2.5 billion people depending solely on this
resource (Gronwall et al., 2020). Water, as an indispensable
element for sustaining life on Earth, plays a pivotal role in
socio-economic growth and sustainable development (Okudo
et al., 2023). The impacts of water resource mismanagement
are further compounded by a range of human activities, posing
a severe threat to water quality worldwide (Ighalo & Adeniyi,
2020; Akhtar et al., 2021).

The contamination of water resources by heavy metals, originating
from natural sources and human activities, has emerged as a global
concern of prominence (Egbueri et al., 2020). Heavy metal pollution
of water is a significant environmental issue due to its potential
ecological and human health-associated repercussions. Heavy
metals, characterized by high atomic weights and densities, can
cause toxicity even at low concentrations due to their environmental
persistence and cumulative nature (Kumar et al., 2021). These
metals, including lead (Pb), mercury (Hg), cadmium (Cd), chromium
(Cr), arsenic (As), and nickel (Ni), common in industrial effluents,
can disrupt aquatic ecosystems and bioaccumulate in the food chain,
thereby threatening aquatic organisms and humans (Ali et al., 2020;
Abd Elnabi et al., 2023; Pugazhendhi, 2024).

The water bodies are contaminated by heavy metals from diverse
sources, including industrial discharge, agricultural runoff, and
geological processes (Aziz et al., 2023). They exert detrimental
effects on environmental stability and human well-being,
potentially leading to physical, muscular, and neurological
disorders (Sahaetal., 2019; Ali et al., 2020). Consequently, an in-
depth understanding of the quality and evolution of groundwater,
as well as the associated drivers, is imperative for ensuring long-
term water sustainability (Obasi et al., 2020).

The remediation of polluted water involves a process that aims
to restore water quality by removing or neutralizing undesirable
elements (Hashim et al., 2011). Various techniques and
strategies with a focus on mitigating the adverse environmental
and health issues stemming from water pollution have been
employed (Asefon, 2025). These methods comprise a spectrum
of approaches, encompassing physical, chemical, and biological
treatments, as well as engineered technologies, all applied
together to enhance the safety and quality of water (Trifiro &
Zanirato, 2024). Heavy metals, a prominent type of wastewater-
derived contaminants, can be effectively eliminated through
established techniques such as adsorption, nanofiltration,
reverse osmosis, solvent extraction, chemical precipitation,
flotation, coagulation, flocculation, membrane filtration, and
ion exchange (Gupta et al., 2015). These encompass renewable
and non-renewable sources, are adaptable, and utilize a range of
chemicals, synthetic and biomaterials, as well as their modified
forms (Biswal & Balasubramanian, 2023). Conventional water

remediation methods often pose high costs and potential
environmental drawbacks (Elbasiouny et al., 2021). Chemical
water treatment, though effective, may lead to hazardous
leaching (Srivastava, 2021). Especially, biomaterials exhibit
considerable potential applicability across various domains,
including energy generation, material production, and waste
treatment (Chowdhury et al., 2025). In particular, they hold
promise for use in environmentally friendly wastewater
treatment methods, like adsorption. Agricultural by-products
and plant biomass, either modified or not, have demonstrated
significant efficacy when harnessed for adsorption. Emerging
biosorbents hold potential for metal recovery, cost-effectivity,
and minimal secondary waste generation (Bilal et al., 2021).
Various materials of crop origin, such as hemicelluloses,
cellulose (modified or unmodified), pectin, lignin, and proteins,
possess adsorption capabilities, particularly cellulose (Fomina et
al., 2014). While certain operational challenges arise with these
materials, their modification can overcome such limitations,
increasing their adsorption capacity and mitigating issues such
as color leaching (Aziz et al., 2024). Therefore, the demand
for non-toxic, degradable, cost-efficient, and highly efficient
biomaterials has grown, positioning cellulose as a superior
alternative (Oyewo et al., 2020). Cellulose, a biodegradable and
non-toxic polysaccharide prevalent in various natural resources
and agricultural residues, demonstrates applicability in varied
water treatment techniques, particularly in removing toxic
metals and dyes (Rehman et al., 2020).

Elephant grass (Pennisetum purpureum) is a rapidly growing
and high-biomass source of cellulose (Yuan et al., 2024). This
study investigated the adsorption capacity of unmodified and
EDTA-modified cellulose from elephant grass for different
concentrations of lead (Pb), cadmium (Cd), arsenic (As), and
mercury (Hg) under constant temperature and pH. The objectives
were (i) to extract cellulose from elephant grass and chemically
modify it with EDTA to improve its heavy metal adsorption
capacity; (ii) to investigate and quantify the adsorption
capacities of both unmodified and modified cellulose for Pb, Cd,
As, and Hg, using batch experiments; (iii) to compare the metal
adsorption efficiencies of the unmodified and modified cellulose
samples and determine if EDTA modification yields statistically
significant improvements in absortion capacity; (iv) evaluate
the degree of heavy metal extraction achieved by both forms of
cellulose; and (v) assess the overall effect of EDTA modification
on their metal-binding performance.

Materials and Methods

Collection of Grass Samples

The elephant grass used was obtained from the Lomalinda Estate,
Enugu, Nigeria, where it grows widely during the dry season.
The samples were collected by cutting the stems near the base
with scissors (Lailaty et al., 2024). Their identity was confirmed
by Prof. C. S. Eze of the Department of Applied Biology, Enugu
State University, Nigeria. The samples were washed repeatedly
with water to remove the extraneous impurities. Subsequently,
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they were shade-dried to reduce the moisture content, a step
that is crucial for preserving cellulose fiber quality (Kaur et al.,
2018).

Cellulose Extraction

The dried elephant grass samples were ground; 114 g of each was
soaked in 5% NaOH and mechanically stirred for 2 h at 70°C. Then,
the suspension was filtered, and the solid fraction was rinsed with
water until a neutral pH was achieved. It was then dried at 100°C
for 12 h and bleached by manual stirring with 30% H,O, for 1 h at
90°C. The solid obtained after bleaching was rinsed and dried for
12 h at 100°C (de Morais Teixeira et al., 2011).

EDTA Modification

The cellulose fibres were divided into two portions, and one was
EDTA-modified (Igwe et al., 2005). For this, 17 g of the fibres was
refluxed in a mixture of 300 mL pyridine and 56.7 g EDTA for 3 h
at 70°C. The mixture was cooled, diluted with 300 mL of deionized
water, and filtered. The filtered and EDTA-modified fibres were
washed copiously with deionized water and dried at 50°C for 12
h. The dried and modified adsorbent was then analyzed. The other
portion was left unmodified and also analyzed.

Batch Adsorption Experiments

Equilibrium sorption of selected metal ions onto the cellulose
fibres was assessed using 100 mL of each metal ion solution with
concentrations varying from 200-1000 mg/L. A constant metal
ion—substrate contact period of 1 h, at 29°C, and a pH of 6.7 was
applied. Then, 0.2 g samples of the cellulose fiber were added
to 20 mL of each solution with a specific concentration of metal
ions. The setup was arranged in a rotary shaker at a moderate
speed to equilibrate the mixture. After the allotted time, the
mixture was rapidly filtered. The metal ion concentration of
the filtrate was determined with a flame atomic absorption
spectrophotometer. The difference between the initial and final
ion concentrations of the solutions was considered the quantity
of metal ions adsorbed by the fibres, both unmodified and
modified ones.

The heavy metal adsorption capacity of cellulose was determined
using Equation 1.

(C,-C)xV

Adsorption Capacity (q) = (Equation 1)

Table 1. % recovery calculated using calibration.

Where: C, = Initial concentration of metal ions in solution before
adsorption, C, = Final concentration of metal ions in solution
after adsorption, V = Volume of the metal ion solution, and m =
Mass of the cellulose used. The adsorption capacity is typically
expressed in mg/g or pg/g, indicating the amount of metal ions
adsorbed per unit mass of cellulose.

Fraction of amount adsorbed = ——

C

0

(Equation 2)

Where, C is the amount of metal ions adsorbed at any time “t;”
C=¢C,-C.

The degree of extraction “o’” was determined as follows (Nikiforova
et al., 2023).

Co'Cf
a= ——1 x100%
C

0

(Equation 3)

Statistical Analysis

The statistical significance of the findings was comprehensively
assessed using Excel 2016 (Microsoft, WA, USA) and Matplotlib
3.7.0 (https://matplotlib.org/3.7.0/) on Jupyter Notebook 6.5.4
(https://jupyter-notebook.readthedocs.io/en/v6.5.4/). Mean and
standard deviations were computed as descriptive statistics for all
the measured parameters.

Method Validation

A standard was spiked, run as a sample, and the resulting
concentration was determined. The % recovery was then
calculated, with values > 90% confirming equipment accuracy,
thereby validating the results obtained (Table 1).

% recovery = spiked - unspiked x 10 (Equation 4)

Results

Heavy Metal Adsorption Capacity of the Unmodified and
Modified Cellulose

The average adsorption capacity of the unmodified cellulose was
highest with Hg, followed by Pb, Cd, and As; that of the modified
cellulose was highest with Cd, followed by Hg, Pb, and As
(Table 2).

Samples As (ppm) Hg (ppm) Lead (ppm) Cd (ppm)

lst 2nd lsl 2nd lst 2nd lsl an
Spike sample (ppm) 9.09 9.08 9.07 9.07 9.28 9.47 10.67 10.72
Unspike sample (ppm) 0.24 0.29 0.22 0.25 0.298 0.280 0.987 0.955
Original conc spiked (ppm) 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
% recovery 88.5 87.9 88.5 88.2 89.82 91.9 96.83 97.65

Amount injected (standard). All the tested metal ions fell within acceptable recovery limits, indicating that flame atomic absorption spectrophotometer could
accurately quantify the heavy metals analyzed.
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Table 2. Heavy metal adsorption capacities of the unmodified and
modified cellulose.

Mean adsorption capacity (mg/g) + standard
deviation
Metal ”
Unmodified Modified cellulose | p-value
cellulose
Pb 4240 +1.31 39.93 +16.46 0.754
Cd 35.50 +28.03 46.27 +19.16 0436
As 19.77 +13.98 1837+7.73 0.828
Hg 53.63+592 44.67+11.14 0.165

No statistically significant differences were observed in
the heavy metal adsorption capacities of the modified
and unmodified cellulose. However, modification may
still benefit other properties, such as improving physical
stability or increasing the adsorption capacity for non-heavy
metals. Though the mean adsorption capacity for Pb slightly
decreased with modification, the large standard deviation in
the capacities between the modified and unmodified samples
suggests high variability in Pb uptake between the two.
EDTA modification resulted in a higher average adsorption
capacity for Cd, but a reduction in variability. However, very
little difference was observed between the unmodiafied and
modified cellulose in terms of As adsorption capacity. The
unmodified cellulose performed better than EDTA-modified
cellulose with Hg(II), having a greater mean adsorption and
lower variability.

Fractions of Heavy Metals Adsorbed by the Unmodified
and Modified Cellulose

The unmodified cellulose had the highest fraction of adsorbed Hg
at 1000 mg/L, while the modified one had the maximal fraction of
adsorbed Cd at 2000 mg/L.

There was no statistically significant difference in metal adsorption
ability between the modified and unmodified cellulose for most
of the heavy metals and concentrations tested. However, the
p-value for 1500 mg/L. Cd was marginally significant at 0.051,
suggesting that modification might influence Cd adsorption at this
concentration. EDTA modification did not consistently improve Pb
adsorption, unlike Cd, especially at 1500 mg/L. The adsorption
of As varied inconsistently with modification. Unmodified
cellulose demonstrated better Hg adsorption, especially at lower
concentrations.

Fraction of Pb Adsorbed by the Unmodified and Modified
Cellulose

Figure 1 suggests that the highest fraction of Pb adsorbed was by
the modified cellulose, but not the unmodified one.

Fraction of Cd Adsorbed by the Unmodified and Modified
Cellulose

Figure 2 indicates that the greatest fraction of Cd adsorbed was by
the modified cellulose rather than the unmodified one.
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Figure 1. Fraction of Pb adsorbed by the unmodified and modified
cellulose.
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Figure 2. Fraction of the amounts of Cd adsorbed by the unmodified and
modified cellulose.

Fraction of As Adsorbed by the Unmodified and Modified
Cellulose

Figure 3 suggests that the highest fraction of As adsorbed was by
the modified cellulose, but not by the unmodified one.

Fraction of Hg Adsorbed by the Unmodified and Modified
Cellulose

Figure 4 shows that the highest fraction of Hg adsorbed was by the
unmodified cellulose rather than the modified one.

Degree of Heavy Metal Extraction by the Unmodified and
Modified Cellulose

The highest percentage of heavy metals extracted by the unmodified
cellulose was with Hg, while that by the modified cellulose was
with Cd (Table 4).

Statistically significant variations in heavy metal adsorption
capabilities of the modified and unmodified cellulose were observed
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for Pb at 1500 mg/L, Cd at 1500 mg/L, and As at 2000 mg/L. These
results suggest that cellulose modification may have a metal-type

Table 3. Fractions of heavy metals adsorbed by the unmodified and
modified cellulose.

and concentration—depe.ndent effect on the adsorptive.ability. At Fraction of adsorbed amount
1500 mg/L, Pb adsorption dropped from 46% (unmodified) to 23
% (modified), with a marked p-value of 0.046. However, at 1000 Metal Unmodified Modified p-value
and 2000 mg/L, the differences were statistically insignificant, Pb
indicating no consistent enhancement with modification. At 1500 1000 mg/L 0.466 0.589 0.345
mg/L, Cd adsorption improved remarkably from 16% to 53% (p 1500 mg/L. 0456 0.229 0.151
= 0.027)., but not th. IQOO and 2000 mg/L, which may be due to 2000 mg/L 0463 0491 0.836
a saturation or equilibrium effect at higher doses. At 2000 mg/L,
As adsorption declined significantly from 57% (unmodified) to Cd
3% (modified) (p = 0.043), but increased insignificantly from 9% 1000 mg/L 0.544 0.609 0.636
to 27% at 1500 mg/L. However, a general trend toward improved 1500 mg/L 0.159 0.528 0.051
adsorption \x'/as observed, suggesting conc.entration sensitiv'ity. 2000 mg/L 0630 0697 0851
E.g., unmodified cellulose demonstrated higher Hg adsorption
consistently across all concentrations. As
1000 mg/L 0.585 0.615 0.834
1500 mg/L 0.085 0.269 0.272
0.6 2000 mg/L 0.574 0.308 0.144
H
% os] 1021)0 mg/L 0.702 0453 0.234
2
3 04 - 1500 mg/L 0.593 0.667 0.624
é 2000 mg/L 0.572 0434 0432
:‘6 03 1
5 Table 4. Degree of heavy metal extraction by unmodified and modified
g 02 - cellulose.
* Modified Degree of extraction (%)
0:1:1 - Uandlﬁed ' ' ' ' Metal Unmodified Modified p-value
1000 1200 1400 1600 1800 2000 Pb
Initial Concentration (mg/L)
1000 mg/L 47 59 0.345
Figure 3. Fraction of As adsorbed by the unmodified and modified 1500 mg/L 46 23 0.046
cellulose. 2000 mg/L. 46 49 0.836
Cd
0.70 A Modified 1000 mg/L 54 61 0.636
I Unmodified 1500 mg/L 16 53 0.027
0.65 1 2000 mg/L 68 70 0.851
g As
£ 060 | 1000 mg/L 59 62 0.834
g 1500 mg/L 9 27 0.161
£ 0551 2000 mg/L. 57 31 0.043
He
§ 050 1000 mg/L 70 45 0.057
1500 mg/L 59 67 0.524
0.45 4 2000 mg/LL 57 43 0.176
1000 1200 1400 1600 1800 2000 Discussion

Initial Concentration (mg/L)

Figure 4. Fraction of Hg adsorbed by the unmodified and modified
cellulose.

The mean adsorption capacities indicated that modified cellulose
adsorbed Cd the highest, but As the least, across all concentrations.
In contrast, unmodified cellulose had the maximum adsorption
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capacity for Hg, while the least for As at all concentrations (Table
2). EDTA modification of the cellulose fibers modestly enhanced
the Cd adsorption capacity, supporting the role of the chelating
groups of cellulose in improving Cd(II) uptake (Fujita et al., 2025).
The adsorption of Pb and As was not markedly affected by the
modification, suggesting that these metals may interact equally
well with both native and functionalized cellulose (Motloung et
al., 2023). Conversely, Hg adsorption capacity was greater in the
unmodified cellulose, indicating that EDTA modification may
introduce functional groups that are less favorable to Hg(II) binding
(Riccardi et al., 2013). The adsorption mechanisms of cellulosic
materials could explain these patterns. Intrinsic adsorption and
columbic interaction are the two primary concepts that may
be used to describe the adsorption of metal ions on cellulosic
materials (Darmenbayeva et al., 2024). The electrostatic energy
of the bonds between the adsorbents and adsorbates produces
Coulombic interactions. The interaction intensity mostly depends
on the charge of each substrate. The surface areas of the materials
dictate intrinsic adsorption. Additionally, surface and microporous
adsorptions can be simultaneous (Shi et al., 2022).

The variations in Pb, Cd, As, and Hg ion adsorption are
represented as fractions of the adsorbed amount (C) vs. the
initial concentration (C ). C, represents the quantity of metal ions
adsorbed at any given time “t.” Modified cellulose demonstrated
the highest adsorption capacity for Pb, Cd, and As ions, indicating
that EDTA modification improved adsorption. The adsorption
fractions demonstrate an enhancement in Cd uptake by the EDTA-
modified cellulose, particularly at 1500 mg/L Cd, indicating
effective chelation (Table 3). Pb and As absorption showed
inconsistent responses, with EDTA-functionalization reducing
the adsorption efficiency of cellulose with certain concentrations
of ions. Hg exhibited a stronger affinity for the unmodified
cellulose, suggesting that EDTA ligands may not offer favorable
coordination sites for the Hg(Il) ions. These findings underscore
the importance of matching adsorbent functional groups to the
specific chemistry of each metal ion. An enhancement in the
adsorption capacity of cellulose post-modification was reported
by Kaur et al. (2022), who comprehensively reviewed modified
cellulose adsorbents—including EDTA functionalized ones, and
their adsorption capacities for Pb, Cd, and Cu. They noted that
chemical modifications, like adding EDTA groups, significantly
enhanced the adsorption capacity and binding affinity of the
unmodified cellulose.

The adsorption abilities revealed a clear metal- and concentration-
dependent behavior of cellulose modification (Table 4). EDTA-
functionalization significantly improved the removal of Cd at
1500 mg/L, most likely due to robust chelation, while reducing the
adsorption of Pb and As at specific concentrations, possibly due to
steric effects or changes in surface chemistry. Hg showed a higher
affinity for unmodified cellulose, which may be due to the metal-
binding limitations of EDTA. These findings signify that certain
modifications of adsorbents are suitable for specific contaminants
and their expected concentrations. A comparison of Figures 1-4
suggested that modified cellulose had the maximum adsorption

capacity for Cd ions, followed by Hg, As, and Pb. In general,
this result indicates that Cd(II) > Hg(II) > As(III) > Pb(Il) is the
pattern of adsorption onto the modified cellulose. A comparison
of the adsorption capabilities of unmodified cellulose for various
concentrations of heavy metals indicated a maximum adsorption
for Hg(Il) at 1000 mg/L. Furthermore, Figures 1-4 demonstrate
that unmodified cellulose had the maximum adsorption capacity
for Hg ions, followed by those of Cd, As, and Pb. Thus, the general
trend of adsorption onto unmodified cellulose is Hg(II) > Cd(II)
> As(IIl) > Pb{I). Gupta et al. (2021) reported a similar trend
in their review. In contrast, Kenawy et al. (2018) demonstrated a
different trend: Cu(Il) > Zn(II) > Cd (II) > Pb > Hg, which was
consistent with both the modified and unmodified maize husks.

These findings demonstrate that the type of metal ion, the
concentration of the metal ion in solution, and the type of adsorbent
modification affect the amounts of metal ions bound by cellulose
(Chen et al., 2019). The nature and distribution of the substrate
active groups, the type of metal ion—substrate interaction, and size
differences in the metal ions can explain the variations in their
uptake levels (Wang et al., 2023). The ionic radii were As**: 0.46 1&,
Cd**: 0.97 1&, Hg**: 1.02 A, and Pb2*: 1.20 A. The adsorption rate
is inversely proportional to the ionic diameter (Sasan et al., 2023).
Similarly, in this study, the ion with the largest radius, Pb(Il), had
the lowest adsorption. However, the next in size, As(II), went
against the trend. This inconsistency can be explained by the
surface adsorption of component groups on substrates being more
vital for adsorption capacity than microporous adsorption in such
cases, which is especially true for Cd(II) and Hg(IT) than As(III)
ions (Abdelhamid & Mathew, 2021; Aguayo-Villarreal et al.,
2024). As a result, compared to As(III), the adsorption of Cd(II)
and Hg(Il) ions was greater. Statistical analyses unraveled key
trends in the adsorption behavior of the unmodified and EDTA-
modified cellulose fibers toward heavy metals. While there were
no statistically significant differences in the adsorption capacities
for Pb, Cd, As, and Hg between the two cellulose types, EDTA
modification enhanced Cd adsorption, particularly at its high
concentrations. These results suggest that EDTA modification
enhances Cd extraction, especially at 1500 mg/L, but may hinder
that of Pb and As at certain concentrations. Hg was consistently
adsorbed more by unmodified cellulose, indicating unfavorable
interactions with the donor O, atoms of EDTA.

Conclusion

This study investigated the adsorption capacities of unmodified
and EDTA-modified cellulose fibres derived from elephant grass
for four toxic heavy metals—Pb, Cd, Hg, and As—from aqueous
solutions. The results indicated that both cellulose types possessed
considerable potential as biosorbents. However, their affinities
varied based on the metal ion involved and the type of chemical
modification. The unmodified cellulose demonstrated the highest
adsorption capacity for Hg, particularly at its lower concentrations,
suggesting a strong inherent affinity for Hg(II) ions. In contrast,
EDTA-modified cellulose exhibited significantly improved
adsorption for Cd, indicating that EDTA functionalization
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increased metal binding, especially for Cd(II). These findings
support the hypothesis that EDTA grafting introduces functional
groups that facilitate chelation and complexation with specific
metal ions. Although the differences in adsorption capacities
were not always statistically significant at p < 0.05, modification
did enhance the average adsorption and extraction percentages
for certain metals—especially Cd at higher concentrations. The
adsorption trends observed were Hg(Il) > Cd(Il) > As(Ill) >
Pb{I) and Cd(II) > HgI) > As(IIl) > Pb(Il) for the unmodified
and modified cellulose, respectively. The results also suggest that
surface adsorption by functional groups may play a more major
role than microporous adsorption, particularly for Cd(II) and
Hg(I) ions.

In conclusion, both unmodified and modified elephant grass
cellulose fibres present biodegradable, cost-effective, and
environmentally friendly options for the remediation of heavy
metal-contaminated water. In particular, EDTA-modified and
unmodified cellulose show promise for the targeted removal of Cd
and Hg, respectively.

Ethics

Ethics Committee Approval: Since the article does not contain any
studies with human or animal subject, its approval to the ethics committee
was not required.

Data Sharing Statement: All data are available within the study.
Footnotes

Author Contributions: Concept: L.1.U., O.N.A., E.O.N.; Design: L.L.U.,
O.N.A., E.O.N.; Execution: I.I.U., O.N.A., E.O.N.; Material supplying:
LILU., O.N.A., E.O.N.; Data acquisition: [.I.U., O.N.A., E.O.N.; Data
analysis/interpretation: L.I.U., O.N.A., E.O.N.; Writing: L.I.U., O.N.A.,
E.O.N.; Critical review: I.I.U., O.N.A., E.O.N.

Conflict of Interest: The authors have no conflicts of interest to declare.

Funding: The authors declared that this study has received no financial
support.

References

Abd Elnabi, M. K., Elkaliny, N. E., Elyazied, M. M., Azab, S. H., Elkhalifa, S.
A., Elmasry, S., Mouhamed, M. S., Shalamesh, E. M., Alhorieny, N. A., Abd
Elaty, A. E., Elgendy, I. M., Etman, A. E., Saad, K. E., Tsigkou, K., Ali, S. S.,
Kornaros, M., & Mahmoud, Y. A.-G. (2023). Toxicity of heavy metals and recent
advances in their removal: A review. Toxics, 11(7), 580. https://doi.org/10.3390/
toxics11070580

Abdelhamid, H. N., & Mathew, A. P. (2021). Cellulose-based materials for
water remediation: Adsorption, catalysis, and antifouling. Frontiers in Chemical
Engineering, 3, 790314. https://doi.org/10.3389/fceng.2021.790314

Akhtar, N., Syakir Ishak, M. 1., Bhawani, S. A., & Umar, K. (2021). Various
natural and anthropogenic factors responsible for water quality degradation: A
review. Water, 13(19), 2660. https://doi.org/10.3390/w13192660

Ali, M. M., Ali, M. L., Proshad, R., Islam, S., Rahman, Z., Tusher, T. R.,
Kormoker, T., & Al, M. A. (2020). Heavy metal concentrations in commercially
valuable fishes with health hazard inference from Karnaphuli River, Bangladesh.
Human and Ecological Risk Assessment, 26(10), 2646-2662. https://doi.org/10.1
080/10807039.2019.1676635

Asefon, T. (2025). Mitigating water pollution through synergistic chemical and
ecological approaches. SSRN Electronic Journal. https://ssrn.com/abstract=5175491

Aziz, K. H. H., Mustafa, F. S., Omer, K. M., Hama, S., Hamarawf, R. F., &
Rahman, K. O. (2023). Heavy metal pollution in the aquatic environment:
Efficient and low-cost removal approaches to eliminate their toxicity: A review.
RSC Advances, 13(26), 17595-17610. https://doi.org/10.1039/D3RA00723E

Bilal, M., Ihsanullah, I., Younas, M., & Shah, M. U. H. (2021). Recent advances
in applications of low-cost adsorbents for the removal of heavy metals from
water: A critical review. Separation and Purification Technology, 278, 119510.
https://doi.org/10.1016/j.seppur.2021.119510

Biswal, B. K., & Balasubramanian, R. (2023). Use of biochar as a low-cost
adsorbent for removal of heavy metals from water and wastewater: A review.
Journal of Environmental Chemical Engineering, 11(5), 110986. https://doi.
org/10.1016/j.jece.2023.110986

Chen, Q., Zheng, J., Wen, L., Yang, C., & Zhang, L. (2019). A multi-functional-
group modified cellulose for enhanced heavy metal cadmium adsorption:
Performance and quantum chemical mechanism. Chemosphere, 224, 509-518.
https://doi.org/10.1016/j.chemosphere.2019.02.138

Chowdhury, M. S., Oliullah, M. S., Islam, R. T., Hurayra, M. A., Al Mahmud,
M. Z., & Nazm. (2025). Biomaterials for energy storage: Synthesis, properties,
and performance. Green Technology and Sustainability, 3, 100152. https://doi.
org/10.1016/j.grets.2024.100152

Darmenbayeva, A., Rajasekharan, R., Massalimova, B., Bektenov, N,
Taubayeva, R., Bazarbaeva, K., & Ungarbayeva, A. (2024). Cellulose-based
sorbents: A comprehensive review of current advances in water remediation
and future prospects. Molecules, 29(24), 5969. https://doi.org/10.3390/
molecules29245969

de Morais Teixeira, E., Bondancia, T. J., Teodoro, K. B. R., Corréa, A. C.,
Marconcini, J. M., & Mattoso, L. H. C. (2011). Sugarcane bagasse whiskers:
Extraction and characterizations. Industrial Crops and Products, 33(1), 63-66.
https://doi.org/10.1016/j.indcrop.2010.08.009

Egbueri, J. C., & Enyigwe, M. T. (2020). Pollution and ecological risk assessment
of potentially toxic elements in natural waters from the Ameka metallogenic
district in southeastern Nigeria. Analytical Letters, 53(17), 2812-2839. https:/
doi.org/10.1080/00032719.2020.1759616

Elbasiouny, H., Darwesh, M., Elbeltagy, H., Abo-Alhamd, F. G., Amer, A.
A., Elsegaiy, M. A., El-Sheikh, M. A., & Brevik, E. C. (2021). Ecofriendly
remediation technologies for wastewater contaminated with heavy metals
with special focus on using water hyacinth and black tea wastes: A review.
Environmental Monitoring and Assessment, 193(7), 449. https://doi.org/10.1007/
s10661-021-09236-2

Fomina, M., & Gadd, G. M. (2014). Biosorption: Current perspectives on
concept, definition and application. Bioresource Technology, 160, 3—14. https://
doi.org/10.1016/j.biortech.2013.12.102

Fujita, S., Sasa, R., Kinoshita, N., Kishimoto, R., & Kono, H. (2025). Nano-
fibrillated bacterial cellulose nanofiber surface modification with EDTA for the
effective removal of heavy metal ions in aqueous solutions. Materials, 18(2), 374.
https://doi.org/10.3390/ma18020374

Gronwall, J., & Danert, K. (2020). Regarding groundwater and drinking water
access through a human rights lens: Self-supply as a norm. Water, 12(2), 419.
https://doi.org/10.3390/w12020419

Gupta, A., Sharma, V., Sharma, K., Kumar, V., Choudhary, S., Mankotia, P.,
Thakur, P., & Mishra, P. K. (2021). A review of adsorbents for heavy metal
decontamination: Growing approach to wastewater treatment. Materials, 14(16),
4702. https://doi.org/10.3390/mal4164702

Gupta, V. K., Nayak, A., & Agarwal, S. (2015). Bioadsorbents for remediation
of heavy metals: Current status and their future prospects. Environmental
Engineering Research, 20(1), 1-18. https://doi.org/10.4491/eer.2015.018

Hama Aziz, K. H., Fatah, N. M., & Muhammad, K. T. (2024). Advancements in
application of modified biochar as a green and low-cost adsorbent for wastewater

www.tujns.org

Trakya University Journal of Natural Sciences, 26(2), xx-xx, 2025



e8 Ujah et al. Adsorption of Pb, Cd, Hg and As by Modified and Unmodified Cellulose from Elephant Grass

remediation from organic dyes. Royal Society Open Science, 11(5), 232033.
https://doi.org/10.1098/rs0s.232033

Hashim, M. A., Mukhopadhyay, S., Sahu, J. N., & Sengupta, B. (2011).
Remediation technologies for heavy metal contaminated groundwater. Journal
of Environmental Management, 92(10), 2355-2388. https://doi.org/10.1016/j.
jenvman.2011.06.009

Ighalo, J. O., & Adeniyi, A. G. (2020). A comprehensive review of water quality
monitoring and assessment in Nigeria. Chemosphere, 260, 127569. https://doi.
org/10.1016/j.chemosphere.2020.127569

Kaur, A., Setia, H., & Wanchoo, P. R. (2018). Cellulose fiber extracted from
Napier grass in PVA composites. Indian Journal of Chemical Technology, 25(1),
88-93. http://op.niscpr.res.in/index.php/LICT/article/viewFile/7440/465464738

Kaur, J., Sengupta, P., & Mukhopadhyay, S. (2022). Critical review of
bioadsorption on modified cellulose and removal of divalent heavy metals (Cd,
Pb, and Cu). Industrial & Engineering Chemistry Research, 61(5), 1921-1954.
https://doi.org/10.1021/acs.iecr.1c04583

Kenawy, I. M., Hafez, M. A. H., Ismail, M. A., & Hashem, M. A. (2018). Adsorption
of Cu(Il), Cd(II), Hg(1I), Pb(1l) and Zn(II) from aqueous single metal solutions by
guanyl-modified cellulose. International Journal of Biological Macromolecules,
107, 1538-1549. https://doi.org/10.1016/j.ijbiomac.2017.10.017

Kumar, D., & Khan, E. A. (2021). Remediation and detection techniques for
heavy metals in the environment. In Heavy metals in the environment (pp. 205—
222). Elsevier. https://doi.org/10.1016/B978-0-12-821656-9.00012-2

Lailaty, I. Q., Astutik, S., & Surya, M. I. (2024). The growth response of Rendeu
(Staurogyne elongata (Neese) Kuntze) to shoot pruning and its propagation by
shoot cutting. Journal of Tropical Biodiversity and Biotechnology, 9(1), 77078.
https://doi.org/10.22146/jtbb.77078

Morales-Herrera, V. A., Quintero—Alvarez, F. G., Mendoza-Castillo, D. 1.,
Reynel—/\vila, H. E., Aguayo-Villarreal, I. A., Landin-Sandoval, V. J., & Bonilla-
Petriciolet, A. (2024). Assessment and modeling of mercury adsorption on carbon-
based adsorbents prepared from Jacaranda mimosifolia and guava biomass via
pyrolysis and hydrothermal carbonization. Water Practice & Technology, 19(4),
1162-1176. https://doi.org/10.2166/wpt.2024.051

Motloung, M. T., Magagula, S. 1., Kaleni, A., Sikhosana, T. S., Lebelo, K., &
Mochane, M. J. (2023). Recent advances on chemically functionalized cellulose-
based materials for arsenic removal in wastewater: A review. Water, 15(4), 793.
https://doi.org/10.3390/w 15040793

Nikiforova, T., Kozlov, V., Razgovorov, P., Politaeva, N., Velmozhina, K.,
Shinkevich, P., & Chelysheva, V. (2023). Heavy metal ions (II) sorption by a
cellulose-based sorbent containing sulfogroups. Polymers, 15(21), 4212. https://
doi.org/10.3390/polym15214212

Obasi, P. N., & Akudinobi, B. B. (2020). Potential health risk and levels of
heavy metals in water resources of lead—zinc mining communities of Abakaliki,
southeast Nigeria. Applied Water Science, 10(7), 1-23. https://doi.org/10.1007/
$13201-020-01233-z

Okudo, C. C., Ekere, N. R., & Okoye, C. O. (2023). Quality assessment of non-
roof harvested rainwater in industrial layouts of Enugu, South East Nigeria.
Applied Water Science, 13(5), 116. https://doi.org/10.1007/s13201-023-01916-3

Oyewo, O. A., Elemike, E. E., Onwudiwe, D. C., & Onyango, M. S. (2020). Metal
oxide-cellulose nanocomposites for the removal of toxic metals and dyes from
wastewater. International Journal of Biological Macromolecules, 164, 2477—
2496. https://doi.org/10.1016/j.ijbiomac.2020.08.074

Rehman, M. U., Taj, M. B., & Carabineiro, S. A. (2023). Biogenic adsorbents for
removal of drugs and dyes: A comprehensive review on properties, modification
and applications. Chemosphere, 338, 139477. https://doi.org/10.1016/j.
chemosphere.2023.139477

Riccardi, D., Guo, H. B., Parks, J. M., Gu, B., Summers, A. O., Miller, S. M., &
Smith, J. C. (2013). Why mercury prefers soft ligands. The Journal of Physical
Chemistry Letters, 4(14), 2317-2322. https://doi.org/10.1021/jz400885f

Saha, P.,, & Paul, B. (2019). Assessment of heavy metal toxicity related with
human health risk in the surface water of an industrialized area by a novel
technique. Human and Ecological Risk Assessment, 25(4), 966-987. https://doi.
org/10.1080/10807039.2018.1458595

Saravanan, P., Saravanan, V., Rajeshkannan, R., Arnica, G., Rajasimman, M.,
Baskar, G., & Pugazhendhi, A. (2024). Comprehensive review on toxic heavy
metals in the aquatic system: Sources, identification, treatment strategies, and
health risk assessment. Environmental Research, 258, 119440. https://doi.
org/10.1016/j.envres.2024.119440

Sasan Narkesabad, Z., Rafiee, R., & Jalilnejad, E. (2023). Experimental study on
evaluation and optimization of heavy metals adsorption on a novel amidoximated
silane functionalized Luffa cylindrica. Scientific Reports, 13(1), 3670. https://doi.
org/10.1038/s41598-023-30634-8

Shi, R.J., Wang, T., Lang, J. Q., Zhou, N., & Ma, M. G. (2022). Multifunctional
cellulose and cellulose-based (nano)composite adsorbents. Frontiers in
Bioengineering and Biotechnology, 10, 891034. https://doi.org/10.3389/
fbioe.2022.891034

Srivastava, V. (2021). Grand challenges in chemical treatment of hazardous
pollutants. Frontiers in Environmental Chemistry, 2, 792814. https://doi.
org/10.3389/fenvc.2021.792814

Trifirdo, F., & Zanirato, P. (2024). Water purification: Physical, mechanical,
chemical and biological treatments. Mathews Journal of Pharmaceutical Science,
8, 42. https://doi.org/10.30654/MJPS.10042

Wang, R, Ren, J., Ren, H., Tao, L., Wu, C., Sun, X., & Lv, M. (2023). Enhanced
adsorption of Cu** from aqueous solution by sludge biochar compounded with
attapulgite-modified Fe. Water, 15(23),4169. https://doi.org/10.3390/w15234169

Yuan, J., Liu, G., Liu, P, & Huang, R. (2024). Comprehensive assessment of
elephant grass (Pennisetum purpureum) stalks at different growth stages as raw
materials for nanocellulose production. Tropical Plants, 3(1), Article tp-0024-
0013. https://doi.org/10.48130/tp-0024-0013

Trakya University Journal of Natural Sciences, 26(2), xx-xx, 2025

www.tujns.org



