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ABSTRACT

The accumulation of heavy metals in aquatic environments has appeared as a serious environmental and public
health worry worldwide. In this work, the adsorption potential of chitosan, a renewable and biodegradable
biopolymer, was quantified for the removal of Cu?*, Hg?" and Cr*" ions from hydric media. Batch adsorption studies
were conducted, and the residual metal ion concentrations were meticulously calculated with the help of Atomic
Absorption Spectroscopy (AAS). Adsorption was strongly pH-dependent, with optimum performance observed at
pH 5 due to favourable electrostatic contacts among metal ions and chitosan functional groups. Increasing the initial
metal concentration (10-100 mg/L) reduced removal efficiency owing to saturation of active sites, whereas higher
adsorbent dosages enhanced metal uptake. Analysis with the Langmuir adsorption isotherm discovered maximum
adsorption of 6.433 mg/g for Cu®", 5.360 mg/g for Hg*" and 3.774 mg/g for Cr’*. The findings demonstrate the
potential of chitosan as a naturally derived, biodegradable, and effective adsorbent for the removal of toxic metal
ions from water, thereby contributing to the United Nations Sustainable Development Goal 6 (SDG-6): Clean Water
and Sanitation.
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INTRODUCTION
This study underscores the effectiveness of chitosan, a biodegradable, natural, and eco-conscious
biopolymer, in adsorbing hazardous heavy metals such as Cu?*, Hg?**, and Cr*" from polluted water
sources. Offering a cost-effective and sustainable water purification strategy, chitosan is especially
valuable for use in rural and under-resourced areas.! Its proven capability to bind with these metal ions
supports its potential in treating industrial effluents, municipal wastewater, and in mobile or climate-
resilient water treatment units in regions with limited infrastructure. Furthermore, its biodegradable
character enables integration into green remediation materials like membranes, beads, and composites
made from chitosan.? The strong adsorption ability of chitosan toward heavy metals is mainly due to the
presence of reactive amino (—NH>) and hydroxyl (~OH) groups on its molecular structure, which facilitate
strong interactions with metal ions. As a polysaccharide sourced from chitin, typically found in shellfish
waste, chitosan is non-toxic, eco-friendly, and economically viable for broader environmental
applications. Its structure allows for various chemical or physical modifications, such as grafting,
crosslinking, or incorporation with magnetic particles, graphene, or hydrogels, thereby improving its
stability, adsorption properties, and usability across a wider pH range. Incorporation of magnetic
materials enhances the ease of separating chitosan from treated water and supports its regeneration for
repeated use, minimising waste generation and operational costs.> Nonetheless, traditional and some
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biopolymer-based techniques still face limitations. Common practices like membrane filtration, ion
exchange, and chemical precipitation tend to be expensive and infrastructure-heavy, making them
unsuitable for decentralised or low-income areas. They also often lead to the production of toxic sludge
requiring careful disposal. Adsorption systems that lack reusability contribute to additional solid waste
issues. Many conventional adsorbents are less effective at removing trace levels of heavy metals,
particularly when multiple pollutants coexist in wastewater, limiting their real-world performance.
Although chitosan is a green and efficient adsorbent, its poor mechanical strength and solubility in acidic
media hinder its functionality in variable environmental conditions. Unmodified chitosan may lose
efficiency due to changes in pH, temperature, or ionic strength and typically shows a drop in adsorption
capacity after a few reuse cycles. Unless enhanced through modification or composite formation, native
chitosan may not be economically viable for long-term use.

Additionally, in unmodified forms, longer contact durations are often needed to reach optimal adsorption,
which limits its practicality in continuous or fast-flow systems. To address these challenges, more
advanced chitosan-based adsorbents such as nanocomposites, magnetic or crosslinked forms are being
developed to increase their mechanical durability, selectivity, pH tolerance, and reusability.* Recent
efforts in research focus on chemical modifications, such as the addition of functional groups,
crosslinking, and nanoparticle embedding, all of which enhance the adsorbent’s surface area, stability and
affinity for specific metal ions. Magnetic nanoparticle incorporation also streamlines the separation and
reuse process, reducing secondary waste and boosting efficiency.® These advancements lead to better
Adsorption Kinetics and capacities, expanding the utilisation of chitosan-based materials for continuous-
flow treatment and various wastewater compositions.

This study builds upon such innovations by examining the adsorption capacity, thermodynamic properties
and reusability of chitosan for Cu?, Hg** and Cr’" removal.® The selection of chitosan as the core
material for this study is rooted in its environmental safety, affordability, and strong metal-chelating
ability. Its abundance of functional groups makes it ideal for biosorption of metal ions in water.
Conventional techniques, including membrane filtration, ion-exchange processes, and chemical
precipitation, often involve high operational costs and complex infrastructure requirements and generate
hazardous byproducts; chitosan presents a cleaner and more cost-efficient alternative.” Moreover, its
modifiability enables enhancement of its adsorption properties, structural integrity, and resistance to pH
fluctuations, addressing the inherent limitations of its native form. This aligns with growing interest in
environmentally sound water treatment technologies, particularly in decentralised and underserved
communities. The study also builds on earlier findings that support chitosan's ability to adsorb multiple
heavy metals simultaneously.® The central aim of this research is to assess chitosan’s adsorption
efficiency for removing Cu?*, Hg?>" and Cr*" from water under controlled batch experimental settings.”!°
Additionally, the study seeks to provide meaningful insights into the development of sustainable, low-cost
biosorbents for water purification, particularly for communities with limited access to modern treatment
technologies. The outcomes are expected to contribute to environmentally responsible and economically
feasible strategies for managing metal-contaminated water sources.!!

EXPERIMENTAL
Materials and Chemicals
High-molecular-weight chitosan (81% degree of deacetylation) is produced through the deacetylation of
chitin, a natural polysaccharide commonly obtained from crustacean shell waste, and to prepare the stock
solutions, 99.9% pure copper (II) nitrate trihydrate for copper, 99.99% pure mercury (II) nitrate
monohydrate for mercury and 99% pure chromium (III) nitrate nonahydrate for chromium were obtained
from Sigma-Aldrich.

Materials and Instruments Used

A digital pH meter (Elico, India) was used. The quantification of copper, mercury, and chromium ions in
solution was carried out using Atomic Absorption Spectrophotometry (AAS). For batch adsorption
experiments, a JAR test apparatus (SECOR 41, India) was utilised to provide controlled mixing and
uniform contact between adsorbent and metal ion solutions.
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Equilibrium Adsorption Studies

For adsorption isotherm studies, 100 mg of chitosan was accurately weighed and added to 25 mL of
aqueous solutions comprising dissimilar initial metal ion concentrations ranging from 10 to 100 pg/mL.
The prepared mixtures were subjected to continuous agitation on a mechanical shaker to ensure proper
interaction between the adsorbent and the metal ions until equilibrium was attained, with the contact time
optimized to 90 minutes. After the adsorption process, the suspensions were carefully filtered to separate
the solid chitosan particles from the liquid phase. The remaining concentrations of Cu(II), Hg(Il) and
Cr(II) ions in the filtrates were then determined using Atomic Absorption Spectrometry to evaluate
adsorption efficiency. The obtained data were subsequently used to construct adsorption isotherms and to
analyze the interaction between chitosan and the target heavy metals.

pH Optimisation
The effect of pH on the adsorption efficiency of Cu(Il), Hg(Il), and Cr(III) was examined through batch
experiments. In this study, 25 mL of metal ion solution with a constant initial concentration was mixed
with 0.8 g of chitosan and periodically agitated for 45 minutes. This duration was chosen based on
preliminary experiments which showed that adsorption equilibrium was reached within this time.
Following the adsorption process, the mix was filtered to isolate the solid and liquid phases. The
remaining concentrations of metal ions in the filtrate were then measured using Atomic Absorption
Spectrometry (AAS). The adsorption capacity of chitosan for the metal ions (qe, mg/g) was determined
using equation (1).
Co-C,)V

a,(mg/g) =%

Here m= adsorbent mass in grams and V = volume of solution utilised in litres.

(1

Removal percentage of metal ion by chitosan, i.e., % removal (or) %R, was calculated from the difference
between the initial concentration (Co) and the equilibrium concentration (C.) of the metal ions, as
expressed in Equation (2). Likewise, the capacity of adsorption (qe), representing the metal uptake
capacity of chitosan (per unit mass) was determined by the corresponding equation (1).'?

Ce
o X100 )

Co—

%Removal (%R) =

Modelling of Adsorption Equilibrium in Batch Experiments

Evaluation of equilibrium data is necessary to compare biosorbents under different conditions and to
optimise treatment processes. Langmuir and Freundlich models are commonly applied to describe
adsorption equilibrium in water and wastewater treatment. Adsorption analysis involves equilibrium and
kinetic parameters: equilibrium indicates adsorption capacity, while isotherms describe adsorbent—
adsorbate interactions. In this work, experimental data were analyzed using both models, with the
Freundlich equation (eqn.-3) representing heterogeneous, multilayer adsorption behaviour.

7

/Tl
a, =KxC, 3)
This equation can be easily transformed into its linear form for practical application.
nln(qe) =nln (KF)+In (Ce) 4)

In the Freundlich model, Kr is the equilibrium constant and “n” denotes adsorption intensity, obtained
from the slope and intercept of the linear plot of In(qe) versus In(Ce). A good linear fit confirms model
suitability, while n>1 indicates favourable heavy-metal adsorption on chitosan. Conversely, the Langmuir
model assumes monolayer adsorption on identical active sites involving partially protonated surface
groups, expressed as:

q.(7+bC,) =Q%cC, (5)
Here, Ce denotes the residual concentration of metal ions in the solution at equilibrium (mg/L), whereas
ge reflects the adsorption capacity at equilibrium (mg/g). Qo (mg/g) represents the theoretical high
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adsorption capacity for monolayer coverage of the adsorbent surface, whereas the constant b (L/mg) is
linked to the adsorption energy and the adsorbent's affinity for the adsorbate. Although complete
saturation of the adsorbent may not always occur, Qo is useful for comparing the adsorption performance
of different adsorbents. The Langmuir adsorption isotherm is generally represented in a linearised form as
shown below.

c , C
e e

— ==t 6

qe Qﬂb QU ( )
If the adsorption process is according to the Langmuir model, a plot of Cc/q. vs C. yields a straight line.
The constants Qo and b can be found using this linear relationship's slope and intercept. The separation
factor, often known as the equilibrium parameter (Rv), is a dimensionless quantity that represents a key
feature of the Langmuir isotherm and has the following definition.

R, =|75] ™

In this expression, b represents the Langmuir adsorption constant (L/mg), while Cy denotes the initial
concentration of heavy metals present in the solution, measured in mg/L. The separation factor (Rvr), also
known as the equilibrium parameter, provides important information regarding the characteristics and
feasibility of the adsorption process. Adsorption is considered favourable when Ry lies between 0 and 1.13

Data Analysis
Utilising statistical features of Microsoft Excel, Office XP and OriginPro8.5, statistical analyses were
carried out.

RESULTS AND DISCUSSION
The adsorption kinetics are influenced by several factors, like the initial concentration of heavy metal ions,
the amount of adsorbent used, and the duration of contact between the adsorbent and the solution. Among
these variables, the initial concentration of metal ions is particularly significant because it determines the
equilibrium concentration achieved and affects both the rate of removal and the overall behavior of the
adsorption process. In this context, the present investigation supports the United Nations Sustainable
Development Goal 6 (SDG 6): Clean Water and Sanitation, particularly Target 6.3, by exploring chitosan-
based adsorption as a sustainable approach for reducing hazardous heavy-metal contamination and
improving water quality.

Characterisation of Commercial Chitosan Powder

The commercial chitosan powder confirms the presence of hydroxyl (—-OH) groups and primary amine (—
NH>) groups, indicating extensive hydrogen bonding within the polymer structure.'* Aliphatic -CH and —
CH, groups are present along the polysaccharide backbone.!> The characterisation also reveals carbonyl
(C=0) functional groups associated with residual N-acetyl moieties, confirming that the material is
partially deacetylated from chitin.'® In addition, characteristic saccharide ring —CH> bending vibrations
and glycosidic C—-O—C linkages are observed, validating the polysaccharide framework and structural
integrity of the chitosan polymer.

Key Factors Affecting Metal Adsorption in Aqueous Solutions

Time of Contact

Using 0.3 g of chitosan, the impact of contact time on the adsorption of Cu, Hg, and Cr ions was
investigated at pH 5. The experiments were conducted over a time interval of 5 to 60 minutes, and the
results obtained are presented in Table-1 and Fig.-1. The adsorption rates for all three metal ions showed
a marked increase from 5 to 30 minutes, reaching maximum efficiency at 35 minutes. Beyond this point,
the adsorption percentages remained stable, indicating that equilibrium had been achieved.!” At an
equilibrium contact time of 35 minutes, the removal efficiencies for Cu, Hg, and Cr ions were 84.75%,
76.10%, and 70.85%, respectively. The initial fast adsorption is ascribed to the many active sites on the
chitosan surface in comparison to the quantity of metal ions. Due to the limited number of active sites,
competition between metal ions increased when these sites were occupied, which led to a gradual
decrease in the adsorption rate and, eventually, stabilisation of removal efficiency.'®
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Table-1: Influence of Contact Time on Removal of Metal Ions by Chitosan Adsorbent

Time Initial Conc. Cu H Cr
(min) (Co) (mg/Litre) (Ce) % (Ce) & (Ce) &

° (mg/Litre) | Removal | (mg/Litre) | Removal | (mg/Litre) | Removal
5 20 10.70 46.50% 12.52 37.40% 15.04 24.80%
10 20 9.82 50.90% 11.22 43.90% 13.92 30.40%
15 20 8.30 58.50% 10.61 46.95% 12.74 36.30%
20 20 7.05 64.75% 8.34 58.30% 11.65 41.75%
25 20 591 70.45% 6.93 65.35% 9.61 51.95%
30 20 3.51 82.45% 6.03 69.85% 7.19 64.05%
35 20 3.05 84.75% 4.78 76.10% 5.83 70.85%
40 20 3.05 84.75% 4.75 76.25% 5.81 70.95%
45 20 3.05 84.75% 4.76 76.20% 5.84 70.80%
50 20 3.05 84.75% 4.77 76.15% 5.80 71.00%
55 20 3.05 84.75% 4.74 76.30% 5.82 70.90%
60 20 3.05 84.75% 4.79 76.05% 5.85 70.75%

80

70 A

g 60

5

g 50

40

304

1‘0 2‘[] 36 4b 56 6‘0
Contact time (min)
Fig.-1: Influence of Contact Time on removal of metal ions by Chitosan Adsorbent
pH

The efficiency of chitosan in removing heavy metals is strongly dependent on the solution pH. The amino
and hydroxyl groups of chitosan exhibit optimal metal ion binding at pH values between 5.0 and 6.0.
Under acidic conditions, protonation of the amino groups generates a positively charged surface that
repels metal cations, thereby lowering adsorption capacity. At higher pH levels, metal ions can precipitate
as insoluble hydroxides, reducing their availability for interaction with chitosan.!” Experiments were
conducted to assess the influence of pH on metal ion adsorption across a pH range of 1.0-9.0, utilising
0.8 g of chitosan and an initial metal ion concentration of 20 mg/L for Cu, Hg, and Cr. Table-2 and Fig.-2
illustrate that adsorption efficiency escalated with pH, attaining a peak at pH 5 for all three metals.

Table-2: Influence of pH on Removal of Metal Ions by Chitosan Adsorbent

Initial Conc. Cu Hg Cr
pH (Co) (Co) %0 (Co) % (Ce) %0
(mg./Litre) (mg./Litre) | Removal | (mg./Litre) | Removal (mg./Litre) | Removal
1 20 11.28 43.60 13.61 31.95 16.08 19.60
2 20 8.67 56.65 10.01 49.95 13.41 32.95
3 20 6.35 68.25 8.91 55.45 10.62 46.90
4 20 4.07 79.65 5.96 70.20 7.28 63.60
5 20 2.18 89.10 3.89 80.55 5.83 70.85
6 20 3.21 83.95 5.01 74.95 7.12 64.40
7 20 5.06 74.70 7.85 60.75 9.41 52.95
8 20 7.75 61.25 9.87 50.65 11.62 41.90
9 20 10.08 49.60 12.01 39.95 13.18 34.10
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Fig-2: Influence of pH on Removal of Metal Ions by Chitosan Adsorbent
The enhanced adsorption at pH 5 is attributed to favourable electrostatic interactions and partial
deprotonation of chitosan’s amino groups, which imparts a negative charge to the surface, thereby
strengthening the attraction between the adsorbent and the cationic metal ions.°

Initial Concentration

Using 0.8 g of chitosan in 100 mL of solution at 25 + 1°C, pH 5, and a stirring velocity of 100 rpm,
Table- 3 and Fig.-3 show the impact of different initial concentrations of Cu, Hg, and Cr ions (10-100
mg/L) on their removal efficiency. Cu, Hg, and Cr removal efficiencies were 88.80%, 80.12%, and
67.70%, respectively, at an initial concentration of 10 mg/L. The elimination efficiency decreased to
52.28%, 32.97%, and 20.82% for Cu, Hg, and Cr, respectively, when the concentration was raised to 100
mg/L. This pattern can be explained by the chitosan surface's increased active binding site availability at
lower metal ion concentrations, which encourages effective adsorption. Effective contact is made possible
by the favourable ratio of binding sites to metal ions at low concentrations. On the other hand, site
saturation and decreased adsorption efficiency result from the amount of metal ions exceeding the
available sites at greater concentrations. Therefore, the observed decline in metal ion removal at elevated
concentrations is primarily due to the limited availability of active adsorption sites relative to the
increased ion load in solution.?!

Table-3: Influence of Initial Metal Ions Concentration on Removal by Chitosan Adsorbent

Initial Metal ion Copper Mercury Chromium
Concentration (Co) Percentage (Co) Percentage (Ce) Percentage
(Co) mg./Litre (mg/Lit.) Removal (mg/Lit.) Removal (mg/Lit.) Removal

10 1.12 88.8000 1.9876 80.1240 3.2293 67.7070
20 2.79 86.0500 42117 78.9415 6.7755 66.1225
30 6.04 79.8667 8.4253 71.9157 12.0964 59.6787
40 9.18 77.0500 12.721 68.1975 18.6205 53.4488
50 14.32 71.3600 19.3658 61.2684 27.145 45.7100
60 19.51 67.4833 27.2635 54.5608 36.796 38.6733
70 25.91 62.9857 34.792 50.2971 46.4647 33.6219
80 32.83 58.9625 45.2045 43.4944 54.5519 31.8101
90 40.13 55.4111 54.5606 39.3771 66.1883 26.4574
100 47.72 52.2800 67.0231 32.9769 79.1788 20.8212
Adsorbent Dosage

Under the following conditions, Tables-4 and Fig.-4 show how changing the adsorbent dosage affects the
amount of Cu, Hg, and Cr ion uptake: a primary metal concentration of 20 mg/L, an operating
temperature of 25 £ 1 °C, a contact time of 35 minutes, pH = 5, and a stirring speed of 100 rpm.
Increasing the adsorbent dosage led to a marked improvement in removal efficiency, rising from 38.85%,
24.45%, and 9.40% to 87.30%, 78.85%, and 54.40% for Cu, Hg, and Cr, respectively.

This improvement in adsorption performance is due to the greater availability of active binding sites on
the chitosan surface, which enables more metal ions to be effectively captured from the solution.??
However, at higher adsorbent dosages, particle interactions such as aggregation can occur, potentially
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reducing the surface area available for adsorption. This phenomenon may lead to a plateau or minimal
increase in removal efficiency despite additional adsorbent being introduced.?
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Fig.-3: Influence of Initial Metal Ions Concentration on Removal by Chitosan Adsorbent

Table-4: Influence of Adsorbent Dosage on Removal by using Chitosan Adsorbent.

Amount of Copper Mercury Chromium

Chitosan (Co) Percentage (Co) Percentage (Co) Percentage

Powder (mg/Litre) | Removal (mg/Litre) Removal (mg/Litre) Removal
0.1 12.23 38.85 15.11 24.45 18.12 9.40
0.2 10.42 47.90 13.87 30.65 17.01 14.95
0.3 8.35 58.25 11.89 40.55 14.98 25.10
0.4 6.61 66.95 9.65 51.75 13.97 30.15
0.5 4.72 76.40 6.99 65.05 12.09 39.55
0.6 3.01 84.95 5.78 71.10 10.78 46.10
0.7 2.45 87.75 5.01 74.95 9.76 51.20
0.8 2.54 87.30 4.23 78.85 9.12 54.40
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Fig.-4: Influence of Adsorbent Dosage onRemoval by using Chitosan Adsorbent

Isothermal Adsorption Studies

Isothermal adsorption studies are essential for demonstrating the distribution of adsorbate molecules
between the liquid phase and the solid adsorbent. Additionally, they shed light on the type of interactions
that occur between the adsorbent surface and the adsorbate.?* Two widely used isotherm models were
used in this investigation to assess the adsorption behaviour: Freundlich and Langmuir. The goodness of
fit for each model was assessed by calculating the correlation coefficient (R?), which indicates how
closely the models correspond to the experimental adsorption data.?’

Langmuir Adsorption Isotherm Model

The Langmuir adsorption isotherm model is based on several basic assumptions: (i) the adsorbent surface
is homogeneous; (ii) each adsorption site can only hold one molecule (monolayer coverage); (iii) all
adsorption sites have the same energy levels; and (iv) there are no interactions between adsorbed
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molecules on adjacent sites. The analytical method used in this investigation is based on these
presumptions. At 25 + 1°C, the adsorption behaviour of Cu(II), Hg(IT), and Cr(III) ions onto chitosan was
studied across an initial concentration range of 10-100 mg/L. The linearised Langmuir isotherm (Eqn.-6)
was used to analyse equilibrium data in order to assess the suitability of monolayer adsorption. After
creating plots of 1/C. vs 1/qe (Fig.-5), linear regression analysis produced correlation coefficients (R?) of
0.9944 for Cu(Il), 0.9908 for Hg(Il), and 0.9676 for Cr(III) (Table-6). The surface layer of the Chitosan
adsorbent by the metal ions under investigation causes the adsorption isotherms of the Cu(II), Hg(II), and
Cr(III) ions to display Langmuir behaviour, which denotes monolayer adsorption. These results highlight
the impact of surface site availability and metal ion properties on adsorption mechanism and efficiency.
Langmuir isotherm analysis revealed maximum monolayer adsorption capacities (qm) of 6.433 mg/g for
Cu(Il), 5.360 mg/g for Hg(Il), and 3.774 mg/g for Cr(Ill), as summarised in Table-6. The intrinsic
physicochemical characteristics of the metal ions, such as ionic radius, electronegativity, and hydration
energy, control these capacities. The observed differences in removal efficiency and adsorption
performance of chitosan powder correlate closely with the ionic characteristics of Cu(Il), Hg(Il), and
Cr(III), such as atomic weight, electronegativity, and standard electrode potential. Generally, metal ions
with smaller hydrated radii and higher electronegativity exhibit stronger interactions with chitosan’s
active sites, leading to higher adsorption affinity and enhanced uptake.?®

Table-5: Experimental Equilibrium Adsorption Data used for Langmuir Isotherm Model of Cu, Hg and Cr

Copper Mercury | Chromium
(Ce) Qe 1/Ce 1/qe (Co) Qe 1/Ce 1/ge (Co) Qe 1/Ce 1/qe
(mg/Lit) | (mg/g) | (L/mg) | (g/mg) | (mg/Lit) | (mg/g) | (L/mg) | (g/mg) | (mg/Lit.) | (mg/g) | (L/mg) | (g/mg)
1.12 1.1100 [ 0.8929 | 0.9009 | 1.9876 | 1.0016 | 0.5031 | 0.9985 | 3.2293 | 0.8463 | 0.3097 | 1.1816
2.79 2.1513 | 0.3584 | 04648 | 4.2117 | 1.9735 | 0.2374 | 0.5067 | 6.7755 | 1.6531 | 0.1476 | 0.6049
6.04 2.9950 | 0.1656 | 03339 | 84253 | 2.6968 | 0.1187 | 0.3708 | 12.0964 | 2.2380 | 0.0827 | 0.4468
9.18 3.8525 | 0.1089 | 0.2596 | 12.721 | 3.4099 | 0.0786 | 0.2933 | 18.6205 | 2.6724 | 0.0537 | 0.3742
1432 | 4.4600 | 0.0698 | 0.2242 | 19.3658 | 3.8293 | 0.0516 | 0.2611 | 27.145 | 2.8569 | 0.0368 | 0.3500
19.51 | 5.0613 | 0.0513 | 0.1976 | 27.2635 | 4.0921 | 0.0367 | 0.2444 | 36.796 | 2.9005 | 0.0272 | 0.3448
2591 |5.5113 | 0.0386 | 0.1814 | 34.792 | 44010 | 0.0287 | 0.2272 | 46.4647 | 2.9419 | 0.0215 | 0.3399
3283 | 5.8963 [ 0.0305 | 0.1696 | 452045 | 43494 | 0.0221 | 0.2299 | 54.5519 | 3.1810 | 0.0183 | 0.3144
40.13 | 6.2338 | 0.0249 | 0.1604 | 54.5606 | 4.4299 | 0.0183 | 0.2257 | 66.1883 | 2.9765 | 0.0151 | 0.3360
4772 16.5350 | 0.0210 | 0.1530 | 67.0231 [ 4.1221 | 0.0149 | 0.2426 | 79.1788 | 2.6027 | 0.0126 | 0.3842

Freundlich Adsorption Isotherm

The Freundlich isotherm, which implies a heterogeneous adsorbent surface with different site energies,
was used to analyse the adsorption data for Cu(II), Hg(II), and Cr(III). The model showed a good fit with
experimental results, indicating multilayer adsorption. The calculated Freundlich constants (Kr) were 1.25
mg/g for Cu(Il), 1.04 mg/g for Hg(Il), and 0.80 mg/g for Cr(Ill), reflecting the adsorption capacity. The
adsorption intensity (n) values were 2.20, 2.59 and 2.95, respectively, all within the favourable range (0 <
n <10).

1.2 e ® Cu(R?=0.9944)
Hg (R?=0.9908)

® Cr(R?=0.9676)

1.0 4

o
@

1/ge (g/mg)

o
o

0.4 1

0.2 4

0.0 0.2 0.4 0.6 0.8
1/Ce (L/mg)

Fig.-5: Linear Langmuir Isotherm Analysis for Cu, Hg, and Cr Adsorption

These results confirm the chitosan suitability for removing these metal ions from aqueous solutions.?’
Strong affinity between chitosan and the metal ions is indicated by "n" values larger than 1 for all three
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metal ions, indicating favourable adsorption circumstances. Furthermore, these results suggest that
physical interactions rather than chemical bonds dominate the adsorption mechanism.

Table-6: Langmuir and Freundlich Isotherm Parameters for the Adsorption of Cu, Hg, and Cr Ions

Langmuir Isotherm parameters Freundlich Isotherm parameters
Metal ions a, b R? n (K;) R?
(milligram/gram) (Litre/milligram) (milligram/gram)
Cu 6.433 0.1837 0.9944 2.20 1.25 0.9739
Hg 5.360 0.1194 0.9908 2.59 1.04 0.8703
Cr 3.774 0.0948 0.9676 2.95 0.80 0.7737

Furthermore, the heterogeneous nature of the chitosan surface—which has numerous micro- and
mesoporous sites with different affinities toward metal ions—is shown by the Freundlich model's
applicability. These findings support the interpretation that chitosan provides a non-uniform surface for
adsorption, where multilayer adsorption can occur at localised sites with different energies, as illustrated
in Fig.-7.2% The interaction between the sorbent and sorbate can be measured using the dimensionless
separation factor (Rr), which characterises the features of the adsorption isotherm. The Ry value indicates
whether the adsorption is linear (Rr = 1), unfavourable (Ry > 1), favourable (0 < Ry < 1) or irreversible
(Rt = 0). Equation (7) is used to calculate Ry; the factor is obtained by substituting the initial
concentration (Co) and the Langmuir constant (b).

Table-7: Equilibrium Logarithmic Parameters used for Freundlich Isotherm Modeling of Cu, Hg, and Cr Adsorption
on Chitosan

Copper Mercury Chromium
log(qe) log(Ce) log(qe) log(Ce)
lOg(Ce) (mg/L) (mg/g) mg/L) (mg/g) (mg/L) IOg(qe) (mg/g)
0.0492 0.0453 0.2983 0.0007 0.5091 -0.0725
0.4456 0.3327 0.6245 0.2952 0.8309 0.2183
0.7810 0.4764 0.9256 0.4309 1.0827 0.3499
0.9628 0.5857 1.1045 0.5327 1.2700 0.4269
1.1559 0.6493 1.2870 0.5831 1.4337 0.4559
1.2903 0.7043 1.4356 0.6119 1.5658 0.4625
1.4135 0.7413 1.5415 0.6436 1.6671 0.4686
1.5163 0.7706 1.6552 0.6384 1.7368 0.5026
1.6035 0.7947 1.7369 0.6464 1.8208 0.4737
1.6787 0.8152 1.8262 0.6151 1.8986 0.4154

Rui.e., the separation factor, is a dimensionless parameter derived from the Langmuir isotherm and serves
as a key criterion for assessing the favorability of an adsorption process. The relationship between Rr and
the initial concentrations of Cu®*, Hg?", and Cr** ions was investigated and is presented in Table 8 and
Fig.-7. The calculated R, values for all three metal ions were found to be between 0 and 1 (0 < Ry < 1),
representing that the adsorption of Cu, Hg, and Cr onto chitosan powder was favorable under the studied
conditions.?

® Cu(R?=0.9739)
0.8 Hg (R?=0.8703)
® Cr(R’=0.7737)

0.2 4

0.0 4

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
log Ce

Fig.-6: Freundlich Isotherm for Cu, Hg, and Cr Adsorption
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Furthermore, the trend showed a consistent decrease in R, values with higher initial concentrations of
metal ions, signifying that the process of adsorption becomes increasingly favorable with rising
concentrations. This negative correlation indicates a strong affinity between the metal ions and the active
binding sites on chitosan, especially when the concentration gradient between the solution and adsorbent
is high. These results confirm the suitability of chitosan powder as an effective biosorbent for Cu?*, Hg?",
and Cr** separation from aqueous media.

Table-8: Ry i.e., the separation factor value for Cu, Hg & Cr ions

Initial Concentration (mg/Litre) Cu: RL Hg: RL Cr:Rp
10 0.35249 0.45579 0.51335
20 0.21395 0.29516 0.34530
30 0.15359 0.21825 0.26015
40 0.11979 0.17313 0.20868
50 0.09818 0.14347 0.17422
60 0.08318 0.12249 0.14952
70 0.07216 0.10686 0.13096
80 0.06371 0.09477 0.11650
90 0.05704 0.08514 0.10491
100 0.05163 0.07728 0.09542
Initial Concentration vs Separation Factor (R_L)
0.5 1 —e— Cu
Hg
—— Cr
__0.44
Ei 0.3
g 0.2
0.1
20 20 60 80 100

Initial Concentration (mg/L)

Fig.-7: Plot of Initial Concentration of Cu?*, Hg?* and Cr>* Ions versus Separation Factor (Rp)

CONCLUSION

Heavy metal ion removal from contaminated water requires intricate adsorption processes that are
impacted by a number of variables. Chitosan powder was thoroughly examined in the current work as a
biosorbent for the removal of Cu(ll), Hg(Ill), and Cr(Ill) ions, demonstrating its efficacy as an
environmentally benign and effective adsorbent material. The dosage of the adsorbent, the starting
concentration of metal ions, the pH of the solution, and the length of contact between the adsorbent and
the solution all had a significant impact on the adsorption performance. In over 35 minutes, the system
achieved adsorption equilibrium, and at a pH of 5.0, the maximum metal ion removal efficiency was
noted. When Langmuir and Freundlich isotherm models were used to evaluate the adsorption data, the
Langmuir model showed a stronger correlation, indicating that monolayer formation on a homogeneous
surface with similar active sites is the primary mechanism of adsorption. The Freundlich model, on the
other hand, indicated the existence of surface heterogeneity, with adsorption occurring at locations with
varying energy levels.

Overall, the results show that chitosan powder is a very effective biosorbent for the removal of heavy
metals, which is in line with previous studies on natural adsorbents and highlights its potential as a
sustainable material for environmental remediation and water purification. Thus, the present study
contributes to the United Nations Sustainable Development Goal 6 (SDG-6): Clean Water and Sanitation,
particularly Target 6.3, by providing a sustainable biosorption approach for reducing hazardous heavy-
metal contamination and improving water quality.
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