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Abstract. Rivers are essential water sources but are increasingly polluted by
urban waste containing heavy metals and harmful bacteria. An effective
solution is optimizing an eco-friendly water hyacinth cellulose aerogel and
shrimp shell nano-chitosan for heavy metal adsorption and coliform bacteria
filtration. This study extracted cellulose from water hyacinth (S-EG) and
chitosan from shrimp shells, followed by nano-chitosan synthesis and
aerogel formulation with three cellulose-to-nano-chitosan ratios: F1 (2:1),
F2 (1:1), and F3 (1:2). Gel precursors were characterized, and adsorption
and filtration capacities were tested to identify the optimal formula. Results
showed yields of 12.46% for S-EG, 11.23% for chitosan, and 80% for nano-
chitosan. Among the formulas, F3 had the best properties, including 80.16%
gel content, 143.41% swelling ratio, and 3630 cPs viscosity. The F3 aerogel
achieved 97% porosity, a surface area of 243.5 m*g, and a low density of
0.07 g/cm?. Adsorption capacities were significant, reaching 99.5% for Cu,
88.68% for Zn, and 7.33% for Pb, along with a 30% reduction in E. coli.
These findings indicate that the 1:2 cellulose-to-nano-chitosan aerogel
formulation is highly promising as a sustainable solution for heavy metal
adsorption and bacterial filtration in polluted water systems.
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1 Introduction

Water resources are critical for sustaining human life. As global population growth
accelerates, the demand for clean water continues to rise. These water resources are primarily
derived from rainwater, surface water (such as rivers, lakes, and channels), and groundwater.
However, the exploitation of groundwater is constrained due to its potential to destabilize
land surfaces when over extracted. Consequently, surface water, which flows through rivers
or is stored in lakes and reservoirs, provides the most abundant source and is utilized for
various purposes, including potable water, industrial applications, and household use. The
volume of surface water is estimated at approximately 0.35 million km3, constituting only
1% of the Earth's freshwater reserves [1]. In Indonesia, the demand for clean water continues
to escalate with population growth. In 2022, the country produced 5,267 million meter cubic
of clean water, with allocations of 98.5 million meter cubic for daily needs, 457.9 million
meter cubic for commerce and industry, 2,998.5 million meter cubic for non-commercial
uses, and 161.2 million meter cubic for other applications [2].

The production of clean water involves several stages, including coagulation,
flocculation, sedimentation, filtration, and disinfection [3]. Among these, the filtration stage
plays a crucial role in removing particles that remain suspended after sedimentation.
However, river water is frequently contaminated by agricultural runoff, industrial effluents,
and domestic waste, necessitating preliminary treatment processes to eliminate the pollutants
[4]. This contamination is largely attributed to the insufficient availability of water treatment
infrastructure, which results in waste entering rivers in volumes that exceed their natural
capacity to cope with pollution [5]. Heavy metal and coliform contamination can be mitigated
through various methods, including remediation, adsorption, ion exchange, and membrane
separation. Among these, adsorption is widely employed in industrial applications due to its
cost-effectiveness and non-toxic nature [6]. Aerogels have emerged as promising adsorbent
materials for environmental remediation. These porous materials are characterized by their
lightweight structure, excellent absorption capacity, large surface area, and high porosity [7].
Commonly used adsorbents, such as zeolites and activated carbon, have proven effective [8].
However, there is a growing need to develop and optimize biopolymer-based aerogels for
enhanced performance.

Biopolymers such as cellulose and chitosan are promising materials for aerogel
production due to their biodegradability and biocompatibility [9]. One notable source of
cellulose is water hyacinth, which contains 64.51% cellulose [10]. The proliferation of water
hyacinth has contributed to eutrophication in the Jatiluhur Reservoir, covering approximately
10% of the reservoir’s surface area [11]. Chitosan, on the other hand, can be derived from
shrimp shells, with a chitosan content of 12.46% [12]. The availability of shrimp shells in
Indonesia is substantial, with shrimp production reaching 87,135 tons per year [13]. This high
shrimp production makes shrimp a potential source for producing chitosan. Chitosan exhibits
notable antimicrobial properties and the capacity for heavy metal adsorption [14]. When
synthesized in nanoparticle form (100-400 nm), chitosan demonstrates enhanced efficacy in
both bacterial inhibition and heavy metal adsorption [15]. However, due to its low
mechanical strength, chitosan requires reinforcement from another polymer, such as
cellulose, which can improve structural integrity through the formation of a 3D
interconnected network [16]. Consequently, the combination of cellulose and nano-chitosan
offers a promising approach for the development of aerogels with dual functions. This study
aims to identify the optimal aerogel formulation using cellulose derived from water hyacinth
and nano-chitosan from shrimp shells, with the goal of achieving high performance in heavy
metal adsorption and bacterial filtration while maintaining environmental sustainability.
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2 Materials and Methods

2.1 Materials

The materials used in this research are water hyacinth from the waters of Cibanteng Swamp,
Bogor Regency and shrimp shells from seafood restaurants in Muara Angke, North Jakarta,
heavy metals (Zn, Pb, Cu) (Merck), Escherichia coli (Biology Department, Bogor) nutrient
agar (NA) (Merck), nutrient broth (NB) (Merck), eosin methylene blue agar (EMBA)
(Merck), sodium alginate (CV. Kimia Jaya Labor, Cirebon) sodium tripolyphosphate (STPP)
(CV. Kimia Jagat, Bogor), ethanol (Merck), H.O. (CV. Kimia Jagat, Bogor), NaOH
(CV .Kimia Jagat, Bogor), HCI (CV. Kimia Jagat, Bogor), HNOs (CV. Kimia Jagat, Bogor),
CaCl: (CV. Kimia Jagat, Bogor), Tween 80 (CV. Kimia Jagat, Bogor), and urea (Merck).
The tools used were dehydrator, freeze dryer (Lyovapor L200, Bogor), ImageJ software,
Brunauer-Emmett-Teller (BET) (surface area quantachrome Nova 4200e instrument,
Jogjakarta), fourier transform infrared (FTIR), atomic absorption spectrophotometer (AAS),
scanning electron microscope (SEM), scanning electron microscopy-energy dispersive x-ray
(SEM-EDS), and turbidimeter.

2.2 Extraction of Water Hyacinth Cellulose and Shrimp Shell Chitosan

Cellulose extraction was carried out based on the method [17]. 40 g water hyacinth powder
was dissolved in 4% NaOH for 2 h at 70°C, then neutralized with distilled water and dried.
The residue was dissolved with 3% H20: for 3 h at 70 °C. Neutralization was carried out to
pH 6 and dried for 3 h at 50 °C. Chitosan extraction was carried out based on the method
[18]. A 50 g dried shrimp shell powder was dissolved into 5% HCI for 2 h at 90 °C, then
neutralized and dried for 3 h. The residue was dissolved into 3.5% NaOH for 1.5 h at 90 °C,
then neutralized and dried for 3 h. The residue was dissolved into 0.315% NaOCI for 1 h at
27 °C. After that, it was dissolved into 50% NaOH for 2 h at 100 °C. The residue was
neutralized and dried for 6 h at 60 °C. The resulting chitosan and cellulose were analyzed for
typical functional groups using an FTIR instrument [19].

2.3 Shrimp Shell Nano-chitosan Synthesis

The synthesis of nano-chitosan refers to the previous method [15]. A 50 mL chitosan stock
solution was prepared in 1% acetic acid with a concentration of 30 mg/L, added with distilled
water to a volume of 500 mL, and homogenized for 2 h at 25°C. Tween 80 was added and
homogenized as 0.1% for 2 h at 500 rpm and 100 mL of sodium tripolyphosphate (STPP)
0.1% was added drop by drop for 1 hour. Precipitation was carried out for 15 min at 15,000
rpm until a supernatant was obtained. The supernatant was dried using a dehydrator for 2 h
at 70-80°C to produce nano-chitosan powder [20], and analyzed using SEM-EDS with gold
coating.
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2.4 Formulation of Water Hyacinth Cellulose Aerogel and Shrimp Shell Nano-
chitosan

The preparation of aerogel followed the method [21], with modifications. Cellulose was
dissolved in a mixture of NaOH (g), urea (g), and distilled water (mL) at a ratio of 7:12:81,
and stirred for 1 hour at 50°C. The aerogel formulations in this study were varied based on
different ratios of cellulose to nano-chitosan. Nano-chitosan powder was then added and
homogenized for 30 min. Subsequently, a 3% alginate solution was incorporated. The
resulting gel precursor was molded into 1 cm? blocks and frozen for 24 h at -19°C. The gel
precursor was then immersed in a 3% CaCl. solution for 3 h, followed by soaking in 99%
p.a. ethanol for 24 h. Finally, the gel was left at room temperature for 24 h and dried using a
freeze dryer for 24 h at -40°C

Table 1. Formula of water hyacinth cellulose aerogel and shrimp shell nano-chitosan

Materials
Treatment Nano- .
Cellulose ) Urea (2) NaoH Aquades 3% Alginate
(2) chl(tO)san & (2) (mL) Solution (mL)
g

Fl1 2 1 7 12 81 100

F2 1 1 7 12 81 100

F3 1 2 7 12 81 100

K (-) 0 0 0 0 0 100

Note: Comparison of cellulose: nano-chitosan F1 (2:1), F2 (1:1), F3 (1:2)

2.5 Aerogel Precursor Characteristic

The gel content was measured by using 2.05 g of the gel precursor (Wo), which was wrapped
in gauze and soaked in 20 mL of distilled water for 24 h. Afterward, the sample was dried
for 2 h, and the final weight (Wt) was recorded. The gel content was calculated using the
formula: Gel content (%) = (W¢/W,) X 100% [22]. The swelling ratio was determined by
weighing 2.05 g of the gel precursor (Wo), soaking it in distilled water for 24 h, and then
recording the final weight (Wt). The swelling ratio was calculated using the formula:
Swelling ratio (%) = (WJ/W,) x 100% [22]. Viscosity was measured using a Brookfield
viscometer (DV 1-Prime) with a spindle size of six at a speed of 60 rpm [23]. The results of
the gel content test, swelling ratio, and viscosity were used as key parameters for determining
the optimal aerogel formulation.

2.6 Characteristics Aerogel

The structural analysis of the aerogel was conducted in accordance with the method described
by Farobie [24] (using Scanning Electron Microscopy (SEM) [24]. Parameters such as
porosity, density, pore size, and surface area were analyzed following the procedure outlined
[25] using the Brunauer-Emmett-Teller (BET) technique and the Quantachrome Nova 4200e
surface area analyser [25]. Water absorption capacity was evaluated based on the
methodology [26], wherein the aerogel was immersed in 10 mL of distilled water, and its
weight was measured before (Wo) and after (Wt) 24 h of absorption. The water absorption
capacity was calculated using the following formula. Following the characterization of the
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optimal aerogel formulation, an application test was conducted best aerogel formula were
continued with an application test.
Wo = We 100 (1)

A °

Water Absorption Capacity (%) =

Description:
Wo = Starting weight (g)
W. = Final weight (g)
The results of the characteristics of the best aecrogel formula were continued with the
application test.

2.7 Application Test of Aerogel

2.7.1 Turbidity Test

The turbidity test was carried out by soaking 2 g of F3 aerogel and alginate in a solution of
water mixed with soil in a ratio of 1:30 with three replications. Turbidity was measured before
and after the soaking process for 1 hour using a turbidimeter [27].

2.7.2 Heavy Metal Test

Heavy metal testing of the best acrogel formula refers to the method [28] with modifications.
Metal Zn 0.434 g, Pb 0.212 g, and Cu 0.030 g were dissolved with distilled water and 10 mL
of concentrated NHO; was added. Aerogel of 2 g per sample was added and homogenized
for 24 h. The sample was heated to 20 mL, filtered, and diluted with distilled water until
homogeneous. The samples were analyzed using an atomic absorption spectrophotometer
(AAS) with wavelengths of 283.3 nm (Pb), 324.8 nm (Cu), and 213.9 nm (Zn) [29].

Adsorption efficiency (%) = —Cmmzl Cinal x 100% 2)

final

Description:
Initial C = Initial concentration of metal in solution (mg/L)
Final C = Final concentration of metal in solution (mg/L).

2.7.3 Total Microbial Test

Total microbial testing was conducted using the total plate count (TPC) method. The best
aerogel formula and alginate as much as 2 g were soaked in NB solution with a ratio of 1:20
(b/v) for 24 h. Furthermore, the NB solution of each treatment was taken aseptically as much
as 1 mL and diluted at the dilution level of 10-1-10-8. The 10-6-10-8 dilution was taken as
two ose and inoculated into a petri dish containing NA media and incubated 24 h at 37 °C.
The growing colonies were counted using a colony counter. The results of bacterial growth
were re-inoculated in a petri dish containing EMBA media as a selective medium for E. coli
bacteria [30].

2.8 Data Analysis

Data were analyzed using one way ANOVA with 95% confidence interval. Each formula
was tested with as many as three replicates. If the data analyzed were significantly different
(p<0.05), then Duncan's further test was conducted.
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3 Results and Discussions

3.1 Water Hyacinth Cellulose, Chitosan, and Shrimp Shell Nano-chitosan Yield

The S-EG extraction in this study produced a yield of 12.46%, almost the same as the research
[31], which was 12.45%. This result was obtained due to shrinkage in water hyacinth during
the delignification and bleaching process. This shrinkage is caused by breaking
lignocellulose bonds in water hyacinth so that lignin and hemicellulose are degraded, and
cellulose remains [10]. The yield of shrimp shell chitosan was obtained at 11.23%, close to
the research results [12] of 12.46%. In addition, the NK-CU yield was 80%, close to the
research results [32] of 80.67%. This is influenced by the high speed in the homogenization
process between the ionic gelation material and the chitosan solution, resulting in stable
nanoparticles and no agglomeration, which facilitates the drying process of nano-chitosan
particles [32].

3.2 Micro Morphological Analysis

This outcome is influenced by the high-speed homogenization process between the ionic

gelation agent and the chitosan solution, which leads to the formation of stable nanoparticles
[32].

20 |[IE Shrimp Shell Nano-chitosan Size]

Diferential Number (%)

40 50
Diameter (nm)

Fig. 1. Particle size of gold-coated nano-chitosan using SEM-EDS

The frequency of molecular collisions plays a significant role in determining the size
of nano-chitosan particles. Increased collision intensity between solvent molecules and
chitosan results in smaller particle sizes [33]. SEM-EDS analysis with a gold coating revealed
an average nano-chitosan particle size of 48.97 nm (Fig. 1), which aligns with the standard
nanoparticle size range of 10—1000 nm [34].

3.3 Functional Group Analysis of Water Hyacinth Cellulose and Shrimp Shell
Chitosan

Cellulose contains characteristic functional groups such as -OH, -CH, and -CO [35]. These
functional groups are present on the surface of aerogels, enabling them to chelate heavy
metals [36]. The FTIR spectrum of cellulose exhibits peaks in the range of 3479-2889 cm™
(Fig. 2), confirming the presence of cellulose. Similarly, chitosan is characterized by
functional groups including -NH2, -CH, and —OH [36]. The FTIR spectrum of chitosan shows
peaks in the range of 3468—1101 cm™, providing evidence for the presence of chitosan.
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Fig. 2. FTIR spectrum of water hyacinth cellulose (a) and shrimp shell chitosan (b)

3.4 Aerogel Precursor Characteristic

Gel content testing indicates that the gel precursors F1 and F3 met the minimum reference
value of 80%, as established [22]. The increase in cellulose as a composite reinforcement
correlates with a higher gel content [37], further enhanced by the addition of CaCl.. This
occurs due to the formation of cross-links between the -OH groups in cellulose and the -NH-
groups in nano-chitosan with CaCl.. These cross-links increase the electrostatic interaction
between anionic charges on the polymer chain and multivalent cations (Ca?"), thereby
reinforcing the ionic bonds between cellulose and nano-chitosan [38].

Swelling ratio analysis indicates that the highest swelling ratio is exhibited by the F3
gel precursor (Table 2), meeting the minimum standard of 75.83% [39]. The gel precursor
demonstrates continuous water absorption, leading to uniform distribution of water
throughout its network. This suggests that increasing the nano-chitosan ratio in the F3 gel
precursor (1:2) enhances the formation of cavities, thereby increasing its water absorption
capacity [40]. Conversely, the F1 gel precursor (2:1) exhibits the lowest swelling ratio, likely
due to the higher polymer density, which impedes water absorption [41]. The increase in
swelling ratio observed with the addition of chitosan is due to the high content of amine
groups which are hydrophilic, thus increasing water absorption [42]. The hydroxyl group (-
OH) present in chitosan can inhibit the formation of crosslinks between polymer chains
leading to reduced crosslink density. This reduced crosslinking facilitates higher water
absorption capacity in aerogel precursors [22].

Gel viscosity testing revealed that the F3 gel precursor exhibited the highest viscosity,
falling within the standard range of 2000-4000 cPs [23]. The results indicate that an increase
in nano-chitosan content correlates with an increase in viscosity. The incorporation of nano-
chitosan enhances the physical properties of the gel by increasing the cross-linking density,
thus reinforcing the gel structure [41]. Consequently, the combined results of gel content,
swelling ratio, and viscosity tests indicate that the F3 formulation is the optimal choice.

Table 2. Characteristics of water hyacinth cellulose hydrogel and shrimp shell nano-chitosan

Treatment
Parameter References
F1(2:1) F2 (1:1) F3 (1:2)
Gel Content (%) 84.88 £2.132 74.12 £ 1.76°¢ 80.16 + 1.23b <80 [28]

Swelling Ratio (%) 113.66 +0.84¢ 119.19 +1.02° 143.41 £0.84* <75.83 [32]

Viscosity (cPs) 1102 + 67.04°¢ 1108 +£27.74° 3630 +39.532 2000-4000 [29]

Note: Different letters in the same row indicate significant differences (p<0.05).
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3.5 Aerogel‘s Characteristic

3.5.1 FTIR Characterization of Aerogel

The Fourier Transform Infrared (FTIR) spectrum analysis of the aerogel was performed to
confirm the presence of cellulose and chitosan components. Cellulose is characterized by the
presence of typical functional groups such as OH, -CH, and —CO [35], while chitosan is
identified by its -NH2, -CH, and -OH functional groups [43]. The FTIR spectrum reveals
wavenumbers for the F1, F2, and F3 samples at 3318-2922 cm™!, 3306-2923 cm™, and 3301-
2934 cm™, respectively (Fig. 3) indicating the successful incorporation of cellulose and
chitosan into the aerogel structure.
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Fig. 3. FTIR spectrum of aerogels F1, F2, and F3

3.6 Water Absorption Capacity of Aerogel

The test results demonstrated that the F3 aerogel exhibited the highest water absorption
capacity. The increased nano-chitosan ratio enhances water absorption due to the presence of
hydrophilic hydroxyl and amine groups, which interact with water molecules through
hydrogen bonding. Furthermore, nano-chitosan creates more pores compared to cellulose,
further promoting water absorption in the F3 aerogel [22].

The results of testing the absorption capacity of aerogel (cellulose:nano-chitosan)
showed significant differences between formulas (Fig. 4). Formula F1 (2:1), with a higher
cellulose content, has the lowest water absorption capacity because cellulose has fewer
hydrophilic groups and pores, so its interaction with air through hydrogen bonds is limited
[44]. In Formula F2 (1:1), the absorption capacity increases due to the balanced ratio between
cellulose and nano-chitosan, which increases the number of hydroxyl groups and hydrophilic
amines and increases the number of pores, increasing interaction with water. The formula
with the highest water absorption capacity is formula F3 (1:2), where the nano-chitosan ratio
is higher than cellulose. Nano-chitosan is known to have more hydrophilic groups, especially
hydroxyl and amine groups, which enable stronger interactions with water molecules through
hydrogen bonds [22]. In addition, nano-chitosan also contributes to the formation of a wider
porous structure compared to cellulose, thereby facilitating greater water absorption. The
presence of more pores increases the internal surface area of the aerogel, allowing more water
to be absorbed.

https://doi.org/10.1051/bioconf/202414701009
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Fig. 4. Results of water absorption capacity of aerogel
Note: Different letters in the same graphic indicate significant differences (p<0.05)

3.7 Morphological Structure of Aerogel

SEM analysis showed structural differences in F1, F2, and F3 aerogels (Fig. 5). F1 has a
dense structure with coarse fibers and tight pores, F2 shows fine fibers with non-uniform
pores, while F3 has fine fibers with tight and uniform pores. Aerogel F3 has an ideal
morphology as a good adsorbent biomaterial. This is supported by significant hardening due
to compaction of the porous structure in good aerogels [45].

2. e B
2 (1:1), d)

3.8 Aerogel Adsorbent Characterization Results

The Brunauer-Emmett-Teller (BET) analysis of the F3 aerogel (Table 3) confirms its
suitability as a highly effective porous material, as its characteristic values fall within the
standard range typically observed for aerogels
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Table 3. Results of Porosity, density, pore size, and surface area of aerogel

Results F3 Reference
Density (g/cm?) 0.007 0.003-0.5[46]
Surface Area (m?%/g) 243.5 100-1600 [46]
Pore Size (nm) 6.61 2-50 [47]
Porosity (%) 97.0 80-99.8 [48]

The F3 aerogel exhibits high porosity and low density, indicating that increasing the
nano-chitosan ratio enhances porosity, whereas increasing the cellulose ratio leads to a denser
structure with reduced porosity [48]. The porosity of acrogels is directly correlated with their
water absorption capacity [49], as demonstrated by tests showing that F3 achieves the highest
absorption capacity, while F1 exhibits the lowest. Additionally, porosity regulates water flow
and influences the interaction of functional groups, which in turn improves pollutant removal
efficiency [50]. According to the findings of Horvat [47], the F3 aerogel features a
mesoporous structure.

3.9 Aerogel Application in Heavy Metal Removal and Bacteria Filtration

3.9.1 Aerogel’s Turbidity

Turbidity testing was conducted to determine the ability of the aerogel to reduce water
turbidity levels. The test results showed that the highest reduction was achieved with F3
cellulose aerogel (1:2). F3 aerogel was more effective in reducing water turbidity than other
formulations. This is due to the presence of hydroxyl groups (-OH) in nano-chitosan and
cellulose, which are hydrophilic, enabling the aerogel to absorb turbid water effectively. In
addition, chitosan has strong coagulation properties, helping to bind the fine particles causing
turbidity and making the flocculation process more effective. F3 aerogel demonstrates a
better synergistic effect with a higher combination of cellulose and nano-chitosan, enhancing
flocculation and adsorption capacity, which is essential for binding and absorbing dirt
particles in water more efficiently [51]. Research by Wang [52] supports this finding that
aerogel as a coagulant has practical flocculation ability in reducing water turbidity through
adsorption properties. Aerogel F3 is more effective in reducing water turbidity by 38.19 +
6.43 compared to the study conducted by [53], which achieved a reduction of 15.02 + 3.44.
This is attributed to a synergistic effect between the two materials in aerogel F3. Cellulose
serves as a component that provides a wide porous structure, while nanochitosan acts as a
flocculating agent that enhances the ability of the aerogel to bind small particles causing

turbidity.
Table 4. Results of turbidity of aerogel samples
Treatment Turbidity reduction (%)
Aerogel (F3) 38.19 £6.43*
Alginate (-) 11.60 +0.32°
Control solution 11.23 +£0.00°

Description: Different letters in the same column indicate significant differences (p<0.05)

10
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3.9.2 Microbial Analysis for Selected Aerogel

Total microbial test is carried out using the total plate count (TPC) method. TPC is performed
to indicate the number of microorganisms in a sample. TPC testing shows that the growth
rate of E. coli bacteria is high in the control and alginate, while in F3 aerogel, there is a
decrease (Table 7). The decrease in E. coli indicates that the aerogel can filter and reduce E.
coli bacteria. According to Pan [54], aerogel can reduce the total microbes with nano-
chitosan, which provides antibacterial activity against E. coli. The presence of nano chitosan
in Aerogel F3 can inhibit bacterial growth by 30% (Table 5). This is similar to the research
of Magani [55] which showed that nano chitosan can inhibit E. coli bacteria by up to 40%.
Therefore, nano chitosan is bacteriostatic, which successfully suppresses or prevents the
growth of E. coli bacteria (Fig. 6).

Table 5. Calculation of the number of colonies of the F3 aerogel sample

Treatment Total Cells (CFU/mL)
Aerogel (F3) 6.3 x 107
Control - (alginate) 34 x 107
Control + (E. coli) 9.0 x 107
/
’ ‘ = =

o
i A . i
[ .
Cytoplasm - B
DNA 1 ) DO T
.
%
Cell wall —— "8

Cell

Fig. 6. E. coli Filtration Mechanism (inhibits growth)

The antibacterial mechanism of nano-chitosan operates through electrostatic
interactions between the positively charged nano-chitosan and negatively charged bacterial
cell membranes, resulting in the disruption of the membrane structure. This disruption
compromises the stability of the cell wall and increases membrane permeability, allowing
harmful external substances to penetrate the cell. The increased permeability causes leakage
of intracellular ions, such as K+ and Na+, resulting in osmotic imbalance and disruption of
bacterial homeostasis. Furthermore, nano-chitosan inhibits the electron transport chain,
reducing the essential energy production required for bacterial survival. Nano-chitosan also
induces the formation of reactive oxygen species (ROS), which generate oxidative stress and
cause damage to bacterial DNA, impairing replication and transcription processes.
Additionally, nano-chitosan has the ability to chelate essential metal ions such as Fe?", Mg?*,
and Zn?*', further disrupting bacterial physiological stability. The cumulative effects of these
disruptions act synergistically, ultimately leading to the death of the bacterial cells [16].
Another report of biopolymer material that can be used as a composite or precursor for

11
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aerogel is pectin. Pectin is a valuable candidate for aerogel use due to its antimicrobial
properties. According to Ciriminna [56], pectin can act as an antimicrobial through several
main mechanisms, mainly due to its ability to bind and destroy the outer membrane of
microbes.

3.9.3 Heavy Metal Content of Selected Aerogel

Heavy metal testing of the F3 aerogel was conducted following the method outlined by [28],
with modifications. Zn (0.434 g), Pb (0.212 g), and Cu (0.030 g) metals were dissolved in
distilled water, followed by the addition of 10 mL of concentrated HNOs. A total of 2 g of
aerogel per sample was added and homogenized for 24 h. The sample was then heated until
the volume was reduced to 20 mL, filtered, and further diluted with distilled water until a
homogeneous solution was obtained. The samples were analyzed using an Atomic
Absorption Spectrophotometer (AAS) at wavelengths of 283.3 nm for Pb, 324.8 nm for Cu,
and 213.9 nm for Zn [57].

Table 6. Heavy metal test results on F3 aerogel sample.

Metal Sample F3 Alginate
(mg/L) Adsorption Adsorption
Aerogel F3 Alginate Control (-) Efficiency Efficiency
(%) (%)
Cfgg)er 0.055£0.005 | 12.276+0.025 12.920 99.57° 498
Zinc (Zn) 0.702 £ 0.002 6.167 £ 0.0064 6.207 88.40° 0.64¢
Lead (Pb) 9(())91(())%i 97.105 £ 0.005 98.089 7.33¢ 1.00°

Description: Different letters in the same row indicate significant differences (p<0.05).

Heavy metal testing was conducted to assess the adsorption efficiency of the F3 aerogel
for different heavy metals. The results indicate that the F3 aerogel exhibits higher adsorption
efficiency for Cu*" and Zn*' ions compared to Pb*" ions (Table 6). This difference in
adsorption efficiency can be attributed to the larger ionic radius of Pb?, its weaker chemical
affinity with the -NH2 and -OH functional groups, and increased ion competition favoring
Cu?" and Zn**. Additionally, at neutral pH (7), the adsorption of Pb** by the aerogel decreases
due to minimal equilibrium shifts, weakening its interaction with the -COO™ groups [56].

The porous structure of the aerogel, combined with the chemical interactions between
its components and metal ions, along with the alkaline conditions provided by NaOH,
enhances its adsorption affinity. The amine (-NH:) and hydroxyl (-OH) groups present in
nano-chitosan serve as active sites for metal ion binding [42]. These functional groups exhibit
high reactivity, allowing nano-chitosan to act as an electron donor. This mechanism involves
the NH- ligand donating a pair of electrons to the metal ion, forming a coordinate covalent
bond, thereby enabling nano-chitosan to chelate heavy metal ions [58].
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Water contaminated

with metal Bio-aerogel

The metal content is reduced ’
Coordination Bond

Chelated metal ions in Bio-aerogel
Fig. 7. Mechanism of Heavy Metal Adsorption with generated aerogel

The schematic process for heavy metal adsorption by bio-aerogels, begins with heavy
metal contaminants in solution, where bio-aerogels containing amine (-NH:) and hydroxyl (-
OH) groups serve as active sites for metal ion binding [59], was re-illustrated in Fig 7. The
contaminants are absorbed onto the porous surface of the aerogel through various adsorption
mechanisms. The incorporation of cellulose and nano-chitosan increases the adsorption
capacity by enhancing the surface electronegativity of the adsorbent. Electrostatic
interactions between the charged molecules further facilitate the retention of metal ions,
making it more difficult for them to detach from the aerogel’s pores. Additionally, ion
exchange plays a crucial role, where ions from the adsorbent surface are released in equal
amounts to those absorbed. For example, Cu?>" forms coordination bonds with nitrogen or
oxygen atoms from the -NH: and -OH groups, while similar coordination interactions occur
between metal ions and oxygen atoms during the removal of Pb?", Cu?*, and Zn?** by cellulose-
and nano-chitosan-based bio-acrogels [59].

4 Conclusions

This study successfully developed aerogels from water hyacinth cellulose (S-EG) and shrimp
shell nano-chitosan (NK-CU), with the optimal formulation being Aerogel F3, utilizing a
cellulose-to-nano-chitosan ratio of 1:2. Aerogel F3 exhibited superior performance in
multiple key areas, achieving high heavy metal adsorption efficiencies of 99.50% for Cu?,
88.86% for Zn**, and 7.33% for Pb*'. In addition, Aerogel F3 demonstrated effective bacterial
filtration, reducing Escherichia coli by 30%, and achieved a 38.19% reduction in water
turbidity. These results highlight the potential of Aerogel F3 as a promising material for
environmental remediation, particularly in heavy metal removal and microbial contamination
reduction in polluted water. However, further optimization may be needed to enhance its
adsorption capacity for lead and improve its antibacterial efficacy for broader practical
applications.
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