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ABSTRACT: Chitosan biopolymer was utilized without modification to separate hexavalent chromium
Cr(VI) ions from liquid feed. Cr(VI) contamination in water poses a critical environmental and health concern
due to its toxicity and persistence, necessitating effective and sustainable removal methods. This study
investigates the use of chitosan biopolymer as an environmentally friendly adsorbent for Cr(\VI) removal.
Batch experiments were conducted to investigate the effects of adsorbent dose, pH, contact time, and
temperature. The optimal conditions achieved were as follows: 50 mg adsorbent dose, pH 6, 70 minutes
contact time, 15 mg/L Cr(VI) concentration, and 30°C, with a maximum removal capacity of 66.64 mg/g.
The Langmuir isotherm Model (R? = 0.9981) indicated monolayer adsorption, while pseudo-first-order
kinetics confirmed a physio-adsorption mechanism. Thermodynamic analysis revealed an exothermic process
(AH° = -15.617 kJ/mol) with a negative AS° (kJ/mol-K), indicating a reduced randomness at the solid-liquid
interface and confirming predictable adsorption behavior. The results highlight the potential of chitosan
biopolymer as a sustainable solution for Cr(VI) removal, with promising applications in environmental

remediation.

INDEX TERMS: Adsorption, Chitosan Biopolymer, Chromium, Isotherm, Kinetic, Thermodynamic.

I.  INTRODUCTION

Hexavalent chromium Cr(VI) is a hazardous metallic
element that can be released into water sources, causing
serious environmental and health problems. Industrial
processes such as electroplating, leather tanning, and
metalworking can produce this type of pollution [1]. Cr(V1)
is extremely hazardous to both humans and aquatic life [2].
Exposure to high levels of Cr(VI) can lead to humerous
health complications, including respiratory issues, skin
rashes, and an increased risk of cancer [3]. Contamination
with Cr(VI) can adversely affect aquatic ecosystems [4],
impacting species compaosition and reducing biodiversity [5].
It may also hinder the reproductive capabilities and overall
well-being of aquatic species [6]. To protect the environment
and public health, Cr(VI) and other heavy metals must be
excluded from water sources. Solutions to this
environmental issue must encompass sustainable industry
practices, efficient wastewater treatment, and stringent
regulatory enforcement [7]. Factors such as initial Cr(VI)
content, co-occurring pollutants, available infrastructure,
and regulatory requirements influence the choice of
wastewater treatment technology [8-10]. Wastewater
treatment plants often combine various methods to
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effectively remove Cr(VI) and other contaminants [11].
Common treatment techniques include chemical
precipitation, ion exchange, adsorption, electrocoagulation,
advanced oxidation processes, and membrane filtration [12—
14]. Among these techniques, adsorption technology is
widely applied due to its ease of use, flexibility, and high
effectiveness in eliminating pollutants from wastewater [15].
Adsorption onto activated carbon or other adsorbent
materials can be employed to remove Cr(VI) from
wastewater [16]. Cr(VI) ions are attracted to and bound by
the adsorbent material, effectively removing them from the
water. Chitosan is an environmentally benign and
biodegradable biopolymer deacetylated from chitin [17, 7].
It poses no harm to human health when used as a coagulant
in water treatment and can also be utilized to dispose of
waste generated by the seafood processing industry [19].
This study examines the efficiency of a common,
inexpensive chitosan biopolymer in removing Cr(VI) ions
from solutions. In batch-method investigations, the effects of
interaction time, initial metal ions quantity, pH, sorbent
dosage, and temperature on the rate of Cr(V1) adsorption, the
kinetics, isotherms, and thermodynamics of the adsorption
process were also explored.
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Chitosan has been extensively studied as an adsorbent for
Cr(VI) removal due to its low cost, biodegradability, and
high adsorption efficiency. However, significant gaps
remain in the literature. Previous studies have primarily
focused on the adsorption performance of unmodified
chitosan, with limited exploration of chemically or
physically modified forms, such as cross-linked or grafted
chitosan, which have shown potential for enhanced
adsorption  capacity and selectivity.  Furthermore,
thermodynamic and Kkinetic analyses of the adsorption
process are often underexplored, particularly under varying
temperatures and concentrations, leaving critical questions
about the adsorption mechanism unanswered. Comparative
studies evaluating the efficiency of chitosan relative to other
adsorbents, such as activated carbon or other biosorbents, are
also insufficient. Addressing these gaps is essential for
optimizing the use of chitosan-based systems for Cr(VI)
remediation in industrial and environmental applications.

II. MATERIALS AND METHODS

A. Materials

Sigma-Aldrich provided the chitosan biopolymer that was
used (Figure 1). K»Cr,09, also sourced from Sigma Aldrich
in the United States, was used to prepare the Cr(VI)
feedstock. Only analytical reagent-grade chemicals and
reagents were utilized in this investigation.
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FIGURE 1. Chitosan Cellular Structure

B. Preparation of Cr(VI) Stock Solution

A 1000 mg/L Cr(VI) stock solution was prepared by
dissolving 2 grams of analytical-grade K.Cr,O7 in 2L of
ionized water (Figure 2). The solution was subsequently
diluted with deionized water to achieve the required
concentration for the test sample. HCI and NaOH were added
dropwise to adjust the pH as needed, depending on the acidity
or basicity of the sample.

The stock solution of Cr (VI)
containing concentration of
1000 mg/

1000 ml of
deionized water

potassium dichromate
K2Cr207 5
O

-

FIGURE 2. Preparation of Cr(VI) Stock Solution
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C. Methods

Batch experiments (Figure 3) were conducted to optimize
several adsorption parameters, including contact time (10-100
min), temperature (30-50°C), pH (4.5-8), sorbent dosage (5—
50 mg), and initial metal concentration (5-30 mg/L). A 50 ml
test sample of Cr(VI) solution with a pH ranging from 4.5 to
8 and initial concentrations between 10 and 50 mg/L was
transferred to Erlenmeyer flasks containing the required
amount of chitosan. The solution was agitated at 150 rpm for
varying amounts of time at different temperatures in a
thermostatic ~ shaking  water bath, using a UV
spectrophotometer (Perkin Elmer, A 800). Chitosan's
adsorption capacity (ge) was calculated using the following
equation:

Ci- Ceq
e =———
! D

Where:

Ci(mg/L): preliminary concentration

Ceq(mg/L): equilibrium Cr(VI1) concentration

V(L): liquid feed of Cr(V1)

D (mg): chitosan dose (mg)

The removal percentage (Re) was determined using the
following equation:

x V 1)

Ci-Ce
Ci

y
(

FlGURE 3 Adsorption Process Methodology
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Ill. RESULTS AND DISCUSSION
A. Adsorption Outcomes.
1) Impact of pH:

The effect of pH on Cr(VI) removal efficiency was evaluated
by varying the pH from 4.5 to 8 at 30°C, with a Cr(VI)
concentration of 10 mg/L, 5 mg of adsorbent, and 30 minutes
of contact time, as shown in Figure 4. The removal efficiency
improved at pH levels between 4.5 to 6, indicating that more
Cr(VI) ions were adsorbed onto the chitosan material as the
pH increased. The maximum retention of Cr(VI) ions
(51.23%) occurred at pH 6, demonstrating that chitosan had
the highest affinity for Cr(VI) ions at this specific pH.
Removal efficiency decreased at lower pH levels (below 6).
This might be a result of competition between Cr(VI) ions
and H* ions for the same adsorption sites [20]. Above pH 6,
the removal efficiency declined, possibly due to the
formation of negatively charged CrO,> ions, leading to
repulsion from deprotonated adsorbent surfaces and reduced
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adsorption efficiency due to decreased electrostatic repulsion
and potential precipitation of Cr(I11) as Cr(OH)s [19].
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FlGURE 4 Impact of pH (At 10 mg/L Cr(VI); 5mg;30 min; 150 rpm).

2) Impact of Contact Time:

The duration required for chitosan to absorb the maximum
Cr(VI) ions (10 mg/L) significantly depends on contact time.
Longer contact times allow the adsorption process to reach
completion. In our situation, the removal percentage
decreased after 70 minutes, indicating that equilibrium had
been reached, with a removal efficiency of 55.31% at the
specified conditions (30°C, pH 6, and 5 mg adsorbent dose)
(Figure 5). Initially, numerous active binding sites are
accessible early on in the procedure, which causes adsorption
to proceed quickly. However, as time progresses, the process
slows as the metal ions occupy the active binding sites due
to repulsive forces between Cr(VI) molecules [21]. Various
kinetic approaches, including pseudo-first-order, pseudo-
second-order, and Elovich models, were employed to better
understand the adsorption procedure.
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FlGURE 5 Impact of contact Time (30°C; 10 mg/L; pH 6; 5 mg;
150 rpm).

The pseudo-first-order model is as follows [15,22]:

k
log (@, —q,) =log q, ————t

2.30 3)
The pseudo-second-order model is as follows [15, 23, 24]:
t 1 1
—= > +—1t
a. kxa; Q. ()
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Where K; and K; are kinetic model constants, and g. and gt
represent the uptake capacities (mg/g) of Cr(VI) ions at
optimum and at time t, respectively. Table 1 and Figure 6
indicate that the higher R2 value demonstrates that the Cr(\V1)
uptake Kinetics closely resemble the pseudo-first-order
model (Figure 6a). Therefore, it was concluded that physical
sorption is crucial to the adsorption of Cr(VI) [22].

1.1 1

a y=-0.0402x + 1.311 b y=10.0186x + 0.016
0.9 1 R* = 0.9987 0.8 R*=0.9709
= 0.7 9 0.6 )
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FlGURE 6 Pseudo-first (a) and Pseudo-second (b) Order Model of
the Uptake Process

TABLE 1
ADSORPTION KINETIC MODEL CONSTANTS.
model Parameter Value
Pseudo-first-order Ki (1/min) 0.0925
g (Mg/g) 20.417
R2 0.9987
Pseudo-second-order ge (mg/g) 44.247
K3 (g/mg.min) 49112
R2 0.9709

3) Impact of Initial Concentrations:

The effect of initial metal concentration on adsorption was
studied within the concentration range of 5-30 mg/L, as
shown in Figure 7. The adsorption uptake increased from
48.43% (24.21mg/g) to 55.57% (66.64 mg/g) as the Cr(VI)
concentration rose from 5 to 15 mg/L, but decreased to
25.19% at higher concentrations. The initial removal
percentage may have been influenced by the low availability
of Cr(VI) ions on a number of the adsorption sites. At lower
Cr(VI) concentrations, the chitosan surface has many active
binding sites, allowing for efficient adsorption and achieving
a maximum capacity of 66.64 mg/g. Conversely, at higher
concentrations, although the adsorption capacity may
increase, the removal percentage decreases due to saturation
of the binding sites, resulting in a greater proportion of
Cr(VI) remaining unadsorbed. These sites become saturated
at higher Cr(VI) concentrations, reducing the removal
efficiency. In other words, at lower concentrations, Cr(VI)
ions interact more effectively with the active binding sites,
leading to a higher removal percentage. The maximum
adsorption capacity (66.64 mg/g) is achieved when all active
binding sites are occupied [22]. The experimental results can
be used to construct an adsorption isotherm. For this purpose,
both the Freundlich and Langmuir isotherm models are
commonly employed. These data are essential for designing
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and enhancing adsorption techniques for water treatment,
pollution control, and other environmental applications.
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FlGURE 7 Impact of Preliminary Cr(VI) Concentrations on the

Uptake of Cr(VI) onto Chitosan (Conditions: pH 6;
Adsorbent Dose 5 mg/50 mL; 70 min; Agitation Speed:
150 rpm).

The Langmuir isotherm [24,15,26]:
1 Ce

CeZQe - KLQL + a (5)

In this equation, the Langmuir constants K. (L/mg) and Q.

(mg/g) are used.

The Freundlich isotherm [24,15,27]:
Logq., = LogKy + %LogCe (6)

Kr and n are Freundlich constants in this equation.

Table 2 displays the isotherm parameters derived from the
Freundlich and Langmuir plots. The Langmuir isotherm is
more suitable, as indicated by the higher regression
coefficient (R2) of approximatelyR? 0.9981, as shown in
Figure 8 (a). This suggests that Cr(VI) was adsorbed as a
monolayer on the surface of chitosan [26].
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FlGURE 8 Langmuir (a) and Freundlich (b) Isotherms of the
Adsorption Process.

dosage on adsorption. An increase in chitosan dosage
resulted in a corresponding rise in the adsorption percentage.
This is likely due to the increased number of adsorbent sites
and a larger specific surface area with various functional
groups, facilitating the entry of Cr(VI) ions into the
adsorption sites more readily [23]. The highest adsorption of
63.51% was achieved at a dosage of 50 mg of chitosan.
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FIGURE 9 Impact of Chitosan Dosage (At pH 6; Cr(Vl)
Concentration 10 mg/l;70 min; 150 rpm)

B. Thermodynamic Studies

The effect of temperature on Cr(VI) ion adsorption was
examined between 30 and 50°C under the following
conditions: 70 min; Cr(VI) concentration: 10 mg/l; pH 6;
dosage 5 mg; 150 rpm). The efficiency of Cr(VI) removal
decreased as the temperature increased, indicating an
exothermic process. This phenomenon can be attributed to
thermodynamic factors, such as reduced spontaneity and
weakened adsorbent-adsorbate interactions at higher
temperatures. Increased Kkinetic energy and potential
structural changes in the adsorbent may also hinder
adsorption. Lower temperatures (around 30°C) are optimal
for Cr(VI) removal, emphasizing the need for temperature
control in industrial applications. The following equations
were used to determine the parameters, including enthalpy
(AH®), entropy (AS°), and Gibbs free energy (AG®),
employing the distribution coefficient (Kp) [28].

AS° AH®
LnKp = ———— (7)
Kp = é (8)
AG® = AH" —TAS’ 9)

The slope of the straight line created by plotting InKp vs. 1/T
(Figure 10) was used to determine the values of AH® and
AS°. The negative sign of AH® indicates the exothermic

nature of the adsorption reaction [28]. The value of AH°

TABLE 2
CONSTANTS OF THE ADSORPTION ISOTHERM
Langmuir Freundlich
ke QL R? Kf n R?
0.3729 23.094 0.9981 285.52 0.9821 0.9783

4) Effects of Chitosan Dosage:
The results of varying the chitosan dosage from 5 to 50 mg
were tested. Figure 9 illustrates the effects of the chitosan

VOLUME 01, 2025

provides insights into the type of adsorption. Physical and
chemical adsorption are the two main types. Physical
adsorption typically involves much lower heats of adsorption
(between 2.1-20.9 kJ/mol) than chemisorption, which
generally involves higher heats of adsorption (between 80
and 200 kJ/mol) [29]. The Cr(VI) uptake by chitosan is likely



SJAST Journal

Multidisciplinary : Open Access Journal

a physio-sorption process with elements of both types, given
that AH® has an absolute value of -15.617 kJ/mol (Table 3).
The negative AG® indicates the spontaneous nature of the
sorption process. When AG is negative, the process is
thermodynamically favorable, meaning that no external
energy is required for adsorption to occur naturally. A
negative AS° suggests less unpredictable behavior at the
solid/solution interface.

TABLE 3
THERMODYNAMIC CONSTRAINTS
AH’ AS AG’(kJ/mol)
(kJ/mol) (kJ/mol.K) Temperature(K)
303 313 323
-15.617 -0.0314 -6.1038  -5.7888  -5.4748
24
23
[=]
202
=
2.1+
2.0 ' r r
0.00308 0.00315 0.00322 0.00329  0.00336
UT K'Y

FIGURE 10. LnKp vs 1/T(K1) Van't Hoff plot.

The change in energy represents the mean free energy (E) of
adsorption caused by the movement of one molecule of
Cr(VI) species from the fluid to the chitosan surface. The
following equations provide insight into the interaction
between Cr(VI) and the chitosan surface [30].
E = —RTLnKp (10)
Where R = 8.314 J/(mol*K) and T = absolute temperature in
Kelvin, respectively.

The decrease in E from 6.152 to 5.533 kJ/mol indicates a
reduction in the energy barrier for Cr(VI) molecules to
interact with the chitosan biopolymer surface, consistent
with the exothermic nature of physical adsorption. This
suggests weak, reversible interactions characteristic of van
der Waals forces, where higher temperatures weaken the
Cr(VI)-chitosan interactions, decreasing adsorption
efficiency. This observation aligns with the exothermic
nature of the process, as higher temperatures reduce the
driving force for adsorption, favoring desorption instead.

The magnitude of the mean free energy can indicate the
extent of interaction between Cr(VI) and the chitosan
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surface. The mean free energy values fluctuated with
temperature, suggesting that the interactions between Cr(VI)
and chitosan are temperature-dependent. Adsorption is
classified as physical if E is less than 8 kJ/mol and chemical
if E exceeds 8 kd/mol [31,32]. As the temperature increased
from 30°C to 50°C, E changed from 6.152 to 5.533 kJ/mol,
respectively (Table 4). The physio-sorption of Cr(VI) by
chitosan was confirmed by the results of the AH® value [33].

TABLE 4
FREE ENERGY (E) AT DIFFERENT TEMPERATURES.
Temperature °C 30 40 50
g (mg/g) 53.50 46.2 44.00
Kp 11.50 8.58 7.85
E(KJ/mol) -6.152 -5.593 -5.533

IV. CONCLUSION

This study demonstrates the effectiveness of the biopolymer
chitosan as a biomass for the removal of Cr(\V1) from liquid
systems. The maximal binding capacity for Cr(VI) was
found to be 66.64 mg/g. The monolayer binding of Cr(VI) to
chitosan was well represented by the Langmuir model (R? =
0.9987). The results of the adsorption kinetics validated the
pseudo-first-order model, highlighting the significance of the
physical adsorption behavior. The thermodynamic analysis
revealed the exothermic, feasible, and instantaneous
character of the adsorption reaction. The findings suggest
that unmodified chitosan is a highly effective, cost-efficient,
and technically viable biosorbent for the removal of Cr(VI)
from liquid media.
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