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Abstract

Heawvy metals like cadmium (Cd? ) and lead (Pb? 7)) can contaminate water and cause serious health risks. They also harm
the environment. This study focused on making and testing a new nanocomposite called Chitosan-Lignin-IM. It was made
by crosslinking chitosan with glutaraldehyde. Lignin was added next, followed by conjugation with 4-carboxylic imidazole
using EDC/NHS. The structure and chemistry of the material were confirmed using FESEM and FT-IR. FESEM showed
a uniform nanostructure. FT-IR confirmed the bonding of the functional groups. Adsorption tests showed high efficiency
at pH 6-7. Over 90% of both Cd? * and Pb? *were removed at this range. The maximum adsorption was 142 mg/¢ for
cadmium and 165 mg/g for lead. The material followed time-dependent uptake. It reached equilibrium in 2 to 3 hours.
Swelling tests showed steady water absorption. The maximum swelling degree reached 467% after 5 hours. Viscosity tests
showed shear-thinning behavior. This means it can flow easily under stress. The results show that the nanocomposite is
efficient, fast, and stable in water. Its performance is better than many traditional materials. The addition of imidazole
helped improve both metal binding and dispersion. This makes the material suitable for safe and practical water treatment.
Keywords: Adsorption, Cadmium, Chitosan, Lignin, Nanocomposites

INTRODUCTION

Clean water is becoming harder to find. Heavy metals are one of the main reasons. Pollutants like cadmium,
lead, and mercury come from factories, farms, and sewage. These metals are toxic. They stay in the
environment and build up in human and animal bodies. Even small amounts can cause serious damage.
Removing them from water is difficult. Many existing methods are expensive or not very effective (1-3).
Because of this, researchers are exploring natural materials. Chitosan and lignin are two popular options.
Chitosan comes from shellfish waste. It has many amino and hydroxyl groups. These can bind to metal ions.
Lignin is a plant-based material. It has aromatic structures and reactive sites. This makes it useful for trapping
pollutants (2,3).

Combining these two materials forms nanocomposites. These composites have better properties. They have
more surface area and more active sites. This increases their ability to capture metals. Adding groups like
imidazole can improve the material even more. Imidazole groups help bind metal ions. They also improve
the dispersibility and flexibility of the material. Studies show that these modified composites can remove
various heavy metals. They also work under different environmental conditions (1,4,6).

Lignin and chitosan composites are stable and easy to process. They are biodegradable and low-cost. They can
also be adjusted for different pollutants. Some studies show they are good at removing dyes, oil, and drug
residues (7-9). Recent research focuses on improving pore size, surface charge, and structure. Adding
nanoparticles or functional groups helps. These changes make the materials more effective and stable in real-
world water treatment (10-15). This study follows that approach. It develops a new Chitosan-Lignin-IM
composite to remove Cd?* and Pb2*. The results support its use in environmental cleanup.

MATERIALS AND METHODS

Chitosan-Lignin Nanocomposite Synthesis  The process started by preparing a 5% (w/v) chitosan solution.
This was done by dissolving 500 mg of chitosan in 100 mL of distilled water. Separately, 1 mL of
glutaraldehyde was acidified with acetic acid to reach a pH between 3 and 5. This step was important to

911


mailto:asdfg0yrgjr@gmail.com
mailto:tshamran@uowasit.edu.iq

International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 14s,2025
https://theaspd.com/index.php

control the reaction speed and ensure uniform cross-linking. The acidified glutaraldehyde was then added
dropwise to the chitosan solution while stirring constantly. Stirring was maintained at 1000 rpm using a
mechanical stirrer for 3 hours. This allowed the cross-linking to spread evenly throughout the solution. In
the second stage, lignin was added. A 0.25% (w/v) lignin solution was made by dissolving 250 mg of lignin
in distilled water. This lignin solution was slowly poured into the chitosan-glutaraldehyde mixture under
vigorous stirring. Stirring continued for 4 hours at room temperature. This helped blend the lignin into the
chitosan matrix and form stable molecular bonds. The mixture turned thick and brown, showing good
mixing. The final solution was poured onto glass dishes to form films. These dishes were degassed to remove
any trapped air bubbles. The films were then dried in an oven at 37°C. This allowed the water to evaporate
without damaging the polymers. The dried films were about 1 mm thick. They were smooth, flexible, and
ready for chemical modification.

Preparation of Carboxylic Imidazole-Conjugated Chitosan-Lignin Nanocomposite

To functionalize the composite, a 100 mg/mL solution of 4-carboxylic imidazole (IM) was prepared. To
this, 200 mg of EDC and 160 mg of NHS were added. These agents helped activate the carboxylic group in
IM. The solution’s pH was adjusted to 8-9 using 2N NaOH. The mixture was stirred at 80°C for 4 hours.
This step ensured full activation before conjugation. The activated IM solution was then added slowly to the
chitosan-lignin mixture. The entire solution was stirred under the same conditions and kept for 24 hours.
This allowed enough time for the imidazole group to bind to the amino groups in chitosan. After the reaction,
the product was identified as Chitosan-Lignin-IM.

To purify the final nanocomposite, the solution was placed into a 12 kDa dialysis bag. Dialysis was done in
distilled water to remove excess chemicals. The material inside the bag was then dried. This gave the final
Chitosan-Lignin-IM product in solid form. Its appearance changed after drying, showing successful
modification.

Characterization of the Nanocomposites

FESEM was used to study the surface and structure of the composite. The sample was coated with a thin
layer of platinum to make it conductive. Imaging was done using a MIRA TESCAN system from the Czech
Republic. The voltage was set to 15 kV, and images were captured at 100,000 magnification. The particle
shape and size were examined. The elemental content was also checked using energy-dispersive spectroscopy
(EDS).

FT-IR spectroscopy was used to confirm the chemical bonds. A Tensor 2 (Bruker, Germany) instrument
was used. Samples were mixed with 200 mg of KBr and pressed into pellets using a 12-ton press. Spectra were
recorded between 400 and 4000 cm™!. Peaks were analyzed to detect -OH, -NH,, and imidazole groups.
These signals confirmed the chemical changes in each step of the process.

The combined data from FESEM, EDS, and FT-IR gave a full picture of the nanocomposite. The surface
images showed even distribution. The element mapping matched expected results. The FT-IR peaks
confirmed that bonding had taken place. All three tools confirmed the success of the synthesis.

Cadmium and Lead Adsorption by Chitosan-Lignin-IM Nanocomposites

To test how well the composite removed cadmium and lead, solutions were prepared. Each metal solution
had a concentration of 100 mg/L. For each test, 0.1 g of Chitosan-Lignin-IM nanocomposite was used. The
pH of each solution was adjusted using either HCI or NaOH. Values tested were pH 2, 4, 5, 6, 7, 8, and 10.
A digital pH meter was used for accuracy.

Each test was done in a beaker with 100 mL of the metal solution. The nanocomposite was added and the
mixture was shaken at 150 rpm for 60 minutes. The temperature was kept at 25 + 2°C. After mixing, the
solution was filtered using Whatman No. 1 filter paper. The filtrate was collected for metal concentration
testing.

An Atomic Absorption Spectrophotometer (AAS) was used to measure the remaining cadmium and lead in
the solution. The adsorption capacity (qe, in mg/g) was calculated using a standard equation. This formula
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used the starting and ending metal concentrations (Cg and Ce), the volume of solution (V), and the weight
of the nanocomposite (m). This method helped find the best pH for metal removal.

Effect of Incubation Time and Initial Concentration

To study how time and concentration affected adsorption, three metal concentrations were tested: 50, 100,
and 200 mg/L. Each test used 0.1 g of the nanocomposite in 100 mL of solution. The experiments were done
in 250 mL Erlenmeyer flasks. The mixtures were shaken at 150 rpm at 25 + 2°C.The contact times tested
were 0, 0.5, 1, 1.5, 2, 3, and 4 hours. At each time point, the mixture was filtered to remove the
nanocomposite. The remaining metal concentration in the filtrate was measured using AAS. The same
equation used in the pH study was applied to calculate ge.Results showed that metal adsorption increased
with time. Most of the metal was removed in the first 2 to 3 hours. Higher initial metal concentrations led to
higher adsorption capacity. These tests helped confirm how quickly the nanocomposite could work under
different conditions.

Swelling Behavior of Chitosan-Lignin-IM Nanocomposites

To test how much water the composite could absorb, dried samples were weighed and placed in phosphate-
buffered saline (PBS). The pH was 7.4 and the temperature was kept at 37°C. These conditions mimic the
human body. Samples were taken out at different times: 0.5, 1.5, 3, 4, and 5 hours.

At each time point, excess liquid was removed using soft tissue. The wet sample was weighed. Then it was
placed back into the PBS to continue swelling. The swelling degree (SD) was calculated using the formula:
SD = (Ws — Wd) / Wd) x 100, where Ws is the swollen weight and Wd is the dry weight.

The swelling increased over time. At 5 hours, the swelling reached its highest point, 467%. This showed that
the material could absorb a lot of water and expand. It also confirmed that the composite had a porous
structure.

Evaluation of Viscosity of Chitosan-Lignin-IM Nanocomposites

To study the flow behavior, a rotational rheometer was used. The model was Anton Paar MCR 302 from
Austria. A parallel plate geometry was used with a 25 mm diameter and 1 mm gap. The nanocomposite was
first dispersed in deionized water. It was stirred for 24 hours to make sure it was fully hydrated and even
Tests were done at 25 + 0.1°C. The shear rate was changed from 0.1 to 1000 s™!. The apparent viscosity was
recorded at each point. The results were shown on a log-log graph of viscosity versus shear rate. The curve
showed that viscosity decreased as shear rate increase,  This shear-thinning behavior means the material
flows more easily when under force. This is helpful for processing and applying the material in real use. It
supports the idea that the nanocomposite is stable, flexible, and suitable for water treatment systems.

RESULTS
Morphology and Structural Characterization

The morphology of the synthesized Chitosan-Lignin-IM nanocomposites was examined using Field
Emission Scanning Electron Microscopy (FESEM). The micrograph in Figure 1 reveals a relatively uniform
surface with spherical nanoparticle-like structures distributed across the matrix. These features suggest
successful nanoparticle formation and structural homogeneity. Some surface roughness and textural
variations are visible, indicating the presence of lignin and imidazole-modified domains within the chitosan
framework. Elemental mapping by EDS (data not shown) confirmed the expected composition, supporting
that the blending and conjugation steps did not disrupt the overall material integrity.

e
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Figure 1: FESEM image showing the surface morphology of Chitosan-Lignin-IM nanocomposite at high
magnification. Nanostructures appear evenly distributed, indicating good integration of all components.

The particle size distribution of the composite is shown in Figure 2. The graph demonstrates a relatively
narrow range of particle sizes, with the majority falling below 100 nm, confirming nanoscale characteristics.
Such small sizes are advantageous for enhancing surface area and active site availability, which are essential
for adsorption processes. This observation aligns with prior expectations regarding chitosan-lignin hybrids
and their efficiency in forming compact structures. The results provide initial confirmation of successful
synthesis and support the composite’s suitability for adsorption experiments.
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Figure 2: Particle size distribution of Chitosan-Lignin-IM nanocomposite, indicating nanoscale dimensions
with most particles below 100 nm.
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FT-IR Spectroscopic Analysis

FT-IR spectroscopy was employed to validate the chemical modifications and bonding interactions among
chitosan, lignin, and the imidazole moiety. Figure 3 displays the comparative FT-IR spectra of pure chitosan,
lignin, and the initial chitosan-lignin nanocomposite. In the chitosan spectrum, characteristic peaks at 3400
cm™!and 1650 cm™! correspond to ~-OH and -NH, stretching, respectively. Lignin showed distinct aromatic
ring vibrations near 1510 cm™ and C-O stretching around 1120 cm™. In the chitosan-lignin composite,

shifts and overlaps in these peaks confirm hydrogen bonding and chemical interaction between the two
polymers.
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Figure 3: FT-IR spectra of chitosan, lignin, and chitosan-lignin nanocomposite. New peak patterns and shifts
confirm molecular interaction and network formation.

Further insights are offered in Figure 4, which compares the FT-IR spectra of Chitosan-Lignin versus
Chitosan-Lignin-IM. The imidazole-functionalized sample displays new bands near 1720 cm™! and 1575 cm™,
corresponding to C=0 stretching and imidazole ring vibrations. These spectral features confirm the successful
grafting of carboxylic imidazole onto the polymer backbone. The reduction in the ~-OH stretching intensity
may indicate bonding interactions involving the imidazole moiety. Together, these results demonstrate
chemical conjugation and structural enhancement of the nanocomposite.
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Figure 4: FT-IR spectra of Chitosan-Lignin and Chitosan-Lignin-IM nanocomposites, showing the emergence
of new peaks from imidazole functional groups.
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Adsorption Efficiency at Different pH Levels

The effect of pH on metal ion adsorption is summarized in Figure 5. The graph illustrates a clear increase in
Cd?* and Pb?* removal efficiency as the pH rises from 2 to 7, with a sharp peak at neutral pH. At pH 6-7,
over 90% of both metals were adsorbed by the nanocomposite. Below pH 4, adsorption was minimal due to
proton competition and reduced ionization of active sites. At alkaline pH (above 8), precipitation of metal
hydroxides likely interfered with adsorption processes, reducing effectiveness
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Figure 5: Adsorption efficiency of Cd(II) and Pb(II) at different pH levels. Optimal adsorption observed at
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These findings indicate that pH is a crucial factor in optimizing adsorption. Neutral pH provides the best
balance between ion availability and surface activity. The high performance at this range supports the
potential use of the nanocomposite in natural and treated water systems, where pH commonly falls between

6 and 8. The imidazole groups may contribute to increased coordination with metal ions, further enhancing
efficiency at favorable pH conditions.

Effect of Contact Time and Initial Concentration

Time-dependent adsorption studies for Cd?* are displayed in Figure 6. At all initial concentrations,
adsorption increased rapidly during the first 60-90 minutes, then slowed as equilibrium approached. The
highest removal rate was achieved at 200 mg/L, with adsorption capacity reaching a plateau after
approximately 2 hours. This behavior is consistent with surface saturation and suggests strong interaction
between the active sites and metal ions.

Figure 6: Effect of contact time on the adsorption capacity of Chitosan-Lignin-IM nanocomposites for Cd(II)
at different initial concentrations.
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Figure 7 illustrates similar results for Pb?* ions. The trend mirrors that of Cd?*, with slightly higher adsorption
capacities, reaching up to 165 mg/g. The saturation curves show that increasing the concentration leads to
greater absolute uptake but reduced percentage removal, reflecting finite binding site availability. These
findings reinforce the role of imidazole and amino groups in complexation and support the composite’s
effectiveness across a range of environmental metal concentrations.

Figure 7: Effect of contact time on the adsorption capacity of Chitosan-Lignin-IM nanocomposites for Pb(II)
at different initial concentrations.
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Swelling Behavior

The swelling kinetics of the Chitosan-Lignin-IM nanocomposite are presented in Figure 8 and detailed
numerically in Table 1. The swelling degree increased steadily over time, beginning at 0% and reaching 467%
after 5 hours. The sharp increase between 0.5 and 3 hours suggests rapid water uptake and pore expansion.
This indicates good hydrogel-like properties, which help expose more internal binding sites for adsorption
processes.

Figure 8: Swelling behavior of Chitosan-Lignin-IM nanocomposites over time in PBS at 37°C. Steady increase
in swelling degree indicates hydrophilic and porous characteristics.
Table 1: Swelling Degree of Chitosan-Lignin-IM Nanocomposites Over Time

Swelling Degree (SD) (%) Time (hours)
0 0

250 0.5

284 1.5

345 3

430 4

467 5

The high swelling behavior reflects the flexibility and porous nature of the polymer matrix. It also suggests
good compatibility with aqueous environments. These traits improve diffusion and accessibility of metal ions
to active sites. The controlled and gradual swelling also supports mechanical stability, which is essential for
repeated use and practical filtration setups.

Rheological Analysis

The rheological profile of the nanocomposite is illustrated in Figure 10. The log-log plot of viscosity versus
shear rate shows a marked decrease in viscosity with increasing shear rate, confirming shear-thinning behavior.
This non-Newtonian response indicates that the material becomes easier to flow under mechanical stress,
which is favorable for applications such as spraying, coating, or column packing.
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Figure 10: Logarithmic plot of viscosity (Pa+s) versus shear rate (s™!) for Chitosan-Lignin-IM nanocomposites.
Shear-thinning behavior indicates non-Newtonian flow characteristics.
This flow behavior confirms the flexibility of the polymer chains and\
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their ability to align under stress. It also implies that the composite can be processed easily in industrial
systems without compromising structure. These results, combined with swelling and adsorption data, support
the use of Chitosan-Lignin-IM as a versatile, eco-friendly adsorbent with excellent mechanical and functional
performance.

DISCUSSION

The synthesis of Chitosan-Lignin-IM nanocomposites in this study showed that natural biopolymers can be
successfully combined with imidazole groups. This created a hybrid material with strong ability to remove
heavy metals from water. FESEM images revealed a clear nanostructure. The particles were evenly spread
across the surface. This supports the idea of nanoscale integration. Ayanda et al. also found that better particle
dispersion improves surface activity and pollutant binding. They explained this happens because of higher
surface area and more active sites (16). FT-IR analysis further confirmed that imidazole groups were attached
to the composite. This modification is important. It increases electron-donating properties and helps the
material attract metal ions. A similar benefit was described by Boominathan and Sivaramakrishna. They
showed that adding polar groups like imidazole to chitosan can enhance metal ion chelation and pollutant
removal (20).The adsorption results in our study showed strong performance. The removal of Cd?* and Pb2*
depended mostly on pH and the initial metal levels. The best results were seen when the pH was neutral or
slightly acidic. This behavior is in agreement with findings from Qu and Luo, who demonstrated that
chitosan-based hydrogel beads exhibit maximum metal ion uptake at pH 6-7 due to decreased competition
with protons and increased surface deprotonation (17). In our study, the maximum adsorption capacity
reached 165 mg/g for Pb?*, a value that is comparable or superior to many reported biopolymer-based
adsorbents. For instance, Grigoras et al. reviewed chitosan-nanoparticle hydrogels for dye and ion removal
and found that most systems plateaued at 100-150 mg/g, often requiring additional chemical activation (21).
The Chitosan-Lignin-IM system in this study achieved similar or better performance without complex
activation procedures, confirming its practical advantage.The swelling behavior of the nanocomposite was
consistent with hydrogel characteristics, showing a gradual increase in swelling degree that peaked at 467%
after 5 hours. Such behavior suggests a well-structured porous network, which facilitates diffusion and binding
of metal ions. This is crucial for environmental applications where contact time is limited. Similar swelling
profiles have been reported by Verma et al. in hydroxyapatite-based composites, highlighting that such
materials benefit from both physical porosity and chemical interaction sites for pollutant capture (22).
Moreover, the swelling performance seen here did not compromise the structural integrity of the films, which
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contrasts with some synthetic hydrogels that degrade under extended hydration. The combination of stability
and hydrophilicity in this study demonstrates the synergy between chitosan and lignin, as discussed by
Kanaoujiya et al., who described biopolymer composites as superior in structural resilience compared to
traditional gels (18).The rheological analysis confirmed the shear-thinning behavior of the Chitosan-Lignin-
IM nanocomposite, which is beneficial for environmental systems that involve flow or dynamic filtration.
Shear-thinning properties enable easier application through pumps or columns while maintaining structural
coherence under low-shear conditions. This performance is consistent with the behavior of GO/TiO,-based
nanocomposites described by Kong et al., where high viscosity at rest combined with flow reduction under
shear was linked to processability and efficiency in wastewater systems (19). Additionally, comparisons can be
drawn with activated carbon-based nanocomposites, where similar structural modifications yielded better
pollutant interactions and longer operational life in filtration devices (27). Altogether, the data suggest that
Chitosan-Lignin-IM nanocomposites provide a balanced combination of mechanical, chemical, and
functional properties that support their use in real-world remediation systems.

CONCLUSION

In this study, Chitosan-Lignin-IM nanocomposites were successfully synthesized and evaluated for their ability
to remove Cd?* and Pb?* ions from aqueous solutions. The material demonstrated excellent adsorption
capacity, reaching up to 165 mg/g for Pb?*, with optimal performance at neutral pH. Structural
characterization confirmed the formation of a stable, functional nanocomposite, while swelling and
rheological analyses revealed favorable water absorption and shear-thinning properties. Compared to similar
systems in recent literature, this composite exhibited strong efficiency without requiring complex activation
steps. Its ecofriendly composition, ease of preparation, and high removal efficiency make it a promising
candidate for sustainable heavy metal remediation in water treatment applications.
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