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A B S T R A C T   

Widespread contamination by heavy metals (HMs) and dyes poses a major health risk to people and ecosystems 
requiring effective treatment. In this work, rice husk (RH) and shrimp shells were extracted to obtain amorphous 
silica and chitosan, respectively, which were utilized to produce nano-chitosan-coated silica (NCCS). To ensure 
the stability of the nanoparticles, silica was freeze-dried after being coated with nano-chitosan. Functional groups 
(–NH2, –OH, P]O) from chitosan nanoparticles (CNPs) were introduced to the surface of silica during this process. 
Dyes such as brilliant green (BG), methylene blue (MB) and reactive brown (RB) as well as HMs (Cr6+, Pb2+, 
Cd2+, Ni2+) were removed by adsorbents. CNPs showed the highest adsorption capacity for RB (59.52 mg/g) 
among dyes and Cr6+ (42.55 mg/g) among HMs. CNPs showed the highest adsorption capacity for HMs among 
different adsorbents. Although NCCS and CNPs showed similar adsorption capabilities for HMs and dyes, NCCS 
showed the best stability. The adsorption performance decreased as RB > Cr6+ > MB > BG > Pb2+ > Cd2+ >

Ni2+. The adsorption reactions followed both pseudo-�rst-order and second-order kinetics, and was spontaneous 
from thermodynamic analysis. In summary, the waste-derived adsorbents demonstrated excellent potential for 
removing HMs and dyes from water, while supporting effective management solid waste.   

1. Introduction 

The demand for effective and sustainable solutions to address the 
rising pollution of heavy metals (HMs) and dyes in aquatic environments 
has prompted extensive research, in pursuit of a circular economy (Nnaji 
et al., 2023; Oulkhir et al., 2023). Bio-based materials, derived from 
living organisms, have gained signi�cant attention due to their 
non-toxic nature and high abundance (Bădescu et al., 2018; Mojiri et al., 
2022). Among these materials, rice husk (RH)-derived silica or silica 
nanoparticles stand out as promising nano-adsorbents for HMs and dye 
removal (Haider et al., 2022). The use of biogenic materials for 

environmental applications has received widespread attention. RH as a 
major agricultural byproduct, demands pro�cient management Liu et al. 
(2013), Narayanasamy et al. (2022), Rendón et al. (2023). 

While HMs such as Zn, Cu and Mn are essential trace elements for 
various organisms, others HMs (Pb2+, Cr6+, Cd2+, Hg2+) can cause 
harmful effects when present in high concentrations (Duffus, 2003). 
These toxic metals originate from natural sources and human activities 
(Nguyen et al., 2022), could bioaccumulate in food chains, posing health 
risks to different organisms (Zhou et al., 2001; Musilova et al., 2016). 
Consequently, the need for ef�cient removal of HMs becomes impera-
tive, aligning with the broader goal of managing pollution and 
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safeguarding ecosystems (Fu and Wang, 2011; Salman et al., 2019; 
Shamsollahi and Partovinia, 2019). Similarly, the adverse impacts of 
organic dyes on the environment have driven the search for effective 
strategies for their removal (Praveen et al., 2022). Synthetic and natural 
dyes are commonly used for various purposes including textiles and 
paper (Waghmare et al., 2023). Strict mitigation approaches are 
required due to the detrimental effects of certain dyes, especially reac-
tive dyes, on water quality and ecosystems (Haider et al., 2022) and 
potential DNA damage in humans (Feng et al., 2012). 

Silica nanoparticles have emerged as versatile candidates for HMs 
and dye removal (Yang et al., 2013; Shen et al., 2014), and are used in 
catalysis (Adam et al., 2012), biomedicine (Wang et al., 2012; Athi-
narayanan et al., 2015) and biosensors (Yang et al., 2015). Despite their 
potential, there exist challenges including �nancial limitations and the 
requirement for in-depth research on nanoparticle interactions (He 
et al., 2015). 

The abundant rice milling byproduct (i.e. RH) has garnered attention 
due to its high silica content (Liu et al., 2013; Haider et al., 2022). Its 
conversion into bio-oil, vapor, and biochar through thermochemical 
processes aligns with sustainable waste management practices (Bakar 
and Titiloye, 2013; Alvarez et al., 2014; Khonde and Chaurasia, 2016). 
RH ash (RHA) contains amorphous silica and offers diverse applications 
(Pode, 2016). The superior purity of silica resulting from acid treatment 
(HCl, H2SO4, HNO3) substantially enhances their adsorption capacity by 
eliminating metallic impurities (Yalcin and Sevinc, 2001; Bakar and 
Titiloye, 2013). Thermal treatment, on the other hand, produces 
low-purity silica despite its low cost (Rafatullah et al., 2010). Addi-
tionally, acid treatment promotes the protonation of the adsorbent 
surface, thus augmenting the positive surface charge density (Da’na, 
2017). Numerous research on synthesizing silica nanoparticles from RH 
has resulted in high speci�c surface area (SSA) materials (Kumproa 
et al., 2012; Ang et al., 2013; Carmona et al., 2013). 

Chitosan biopolymers with unique attributes such as biocompati-
bility, biodegradability and chelating properties, have shown effective 
performance in water puri�cation (Dyal et al., 2003; Varma et al., 2004; 
Zhou et al., 2007). Chitosan is considered ideal for removing HMs and 
dyes due to its ability to form complexes and retain compounds (Jeon 
et al., 2001; Mourya and Inamdar, 2008). CNPs exhibit superior 
adsorption rates, which further enhances their ef�cacy in water treat-
ment (Dyal et al., 2003; Olivera et al., 2016; Jain et al., 2021). 

Silver, zinc and alumina nano-adsorbents have shown ef�cacy in 
removing toxic compounds from drinking water (Mauter and Elimelech, 
2008). Activated carbon and carbon nanotubes are prominent choices 
due to their exceptional adsorption capabilities (Jain et al., 2021). In 
comparison, adsorbents made from microbes and agricultural waste 
could effectively remove pollutants while having biocompatibility and 
cost-effectiveness (Rafatullah et al., 2010; Oulkhir et al., 2023). 
Nano-adsorbent aerogels, having high porosity and large surface areas, 
are ideal for water puri�cation. Natural polymer-derived aerogels 
gained attention due to biodegradability (Zhang et al., 2020). Therefore, 
natural biowastes have great potential to produce different adsorbents 
for environmental remediation applications (Mojiri et al., 2021). It is 
hypothesized that biowastes can be converted to valuable adsorbents 
with high adsorption capacity for HMs and organic dyes. Most research 
predominantly studies the removal of either heavy metals or organic 
dyes, with limited attention given to the simultaneous adsorption of 
both from complex wastewater. This scarcity of studies arises from the 
challenge posed by co-contaminated HMs and organic dyes, which 
compete for active sites on adsorbents and reduce adsorption capacity 
(Huang et al., 2022). 

Hence, the objectives of this study were to extract silica and chitosan 
from RH and shrimp shells, to enhance the stability of nano-chitosan 
particles by developing a composite material with nano-chitosan- 
coated silica (NCCS), and to assess the adsorption capacity of these 
materials for HMs and dyes in water. Moreover, the study evaluated 
Langmuir and Freundlich adsorption isotherms to identify optimal 

adsorption conditions. 

2. Materials and methods 

2.1. Materials 

Sodium hydroxide (NaOH, MW 40 g/mol, purity ≥97%), sodium 
carbonate (Na2CO3, purity >98%), acetic acid (CH3COOH), nickel 
chloride (NiCl2.6H2O, MW 237.69 g/mol, purity ≥98%), and cadmium 
sulfate hydrate (CdSO4, MW 775.58 g/mol, purity ≥99%) were pur-
chased from Merck (India). Hydrochloric acid (37–38%), sulfuric acid 
(density 1.02 g/cm3 at 20 ◦C), and potassium dichromate were pur-
chased from Merck (Germany). Sodium lauryl sulfate (SLS, purity 99%) 
and Tween 80 surfactant (pH 6, density 1.08 g/cm3) were supplied by 
LOBA Chemie (India). Sodium tri-poly phosphate (STPP, MW 367.86 g/ 
mol) was supplied by Sisco Research Laboratory (India). Lead acetate 
and brilliant green (BG) (MW 482.64 g/mol) were obtained from GURR 
and BDH laboratories. Reactive brown (RB) and methylene blue (MB) 
were purchased from Sigma Aldrich. Shrimp shell was collected from the 
Mongla Export Processing Zone, Bagerhat, Bangladesh. RH was 
collected from a rice mill in Katakhali, Rajshahi. 

2.2. Extraction of amorphous silica from RH 

RH was treated by sieving through a 40-mesh screen and treating 
with a sodium lauryl sulfate solution in a 1000 mL beaker for 30 min on 
a magnetic stirrer. After surfactant removal through air-oven drying at 
110 ◦C for 6 h, the dried product was extracted for silica following a 
method by Haider et al. (2022). The washed sample underwent 
demineralization with a 1:15 mixture of 1N HCl and 1N H2SO4 at 100 ◦C 
for 3 h with continuous stirring (500 rpm). The RH was then neutralized 
by rinsing with distilled water followed by �ltration. Acid leaching of 
the RH using HCl and H2SO4 was carried out and the resulting material 
was air-dried at 110 ◦C for 6 h. To obtain non-treated, HCl-treated, and 
H2SO4-treated silica, both un-leached and acid-leached RH was heated 
in a mufe furnace at 600 ◦C for 2 h to remove organic components 
(Fig. S1, Supplementary Information). 

2.3. Extraction of chitosan from shrimp shell 

The shrimp shells were �rst cleaned, dried, and crushed using a 
laboratory grinding mill with 60-mesh sieves. Shrimp shell powder was 
then mixed with 1N hydrochloric acid (1:20 W/V ratio) and heated at 
105 ◦C for 4 h. The residue was �ltered under a vacuum and washed 
with pure water. Afterward, the demineralized shrimp shells were dried 
at 65 ◦C for 4 h, then treated with 1N NaOH (1:15 ratio) to degrade 
proteins to form chitin. The chitin was neutralized with distilled water, 
followed by drying at 65 ◦C for 4 h. Reuxing was carried out using 150 
mL of absolute acetone for 45 min followed by processing with 40% 
acetone. After two washes with distilled water, 0.3% NaOCl solution was 
used to treat the mixture, followed by distilled water washing and drying 
at 65 ◦C for 5 h. Deacetylation was achieved by mixing dried chitin with 
40% NaOH solution (1:20) and heating at 100 ◦C for 3 h. Chitosan was 
puri�ed through vacuum �ltration with distilled water, then dried at 
65 ◦C 4 h (Fig. S1). 

2.4. Preparation of nano-chitosan 

Ionic gelation process was used for nano-chitosan production. Chi-
tosan powder (1.0 g) was dissolved in 1.0 L of 2.0% acetic acid solution, 
then the pH was adjusted to 4 by adding 0.5 N NaOH. To prevent 
nanoparticle aggregation, a 5% (v/v) Tween-80 surfactant solution was 
added. STPP concentration (1.0 mg/mL) was maintained by dissolving 
0.5 g of STPP in 500 mL of distilled water. Both chitosan and STPP so-
lutions were �ltered using Whatman �lter paper (Grade 42). Chitosan 
solution (100 mL) was mixed with STPP solution under magnetic stirring 
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at 800 rpm, then the suspension was centrifuged for 10 min at 8000 rpm. 
The collected nano-chitosan was re-suspended in deionized water, and 
then underwent another centrifugation process. CNP powder was ob-
tained via freeze-drying the residual mass at −80 ◦C (Fig. S1). 

2.5. Preparation of NCCS 

Untreated, H2SO4-treated, and HCl-treated silica were weighed and 
mixed for 10 h at 400 rpm, followed by immersion in a nano-chitosan 
suspension. They were �ltered with grade 42 �lter paper followed by 
freeze drying at −80 ◦C. The product was labeled as non-treated NCCS, 
H2SO4-treated NCCS, and HCl-treated NCCS (Fig. S1). 

2.6. Adsorption experiments 

In adsorption experiments, solutions of MB, BG, RB, Cr6+, Cd2+, Pb2+

and Ni2+ (50 mg/L) were mixed with 30 mg of adsorbents (CNPs, silica, 
NCCS) for 0–50 min. After the treatment, the remaining concentration of 
the dyes was determined by a UV–Vis spectrophotometer, using 
maximum absorbance wavelength of 664.5 nm for MB, 502 nm for RB 
and 626 nm for BG. Atomic absorption spectroscopy (AAS) analysis was 
used for HMs analysis. The effect of pH on the adsorption of HMs and 
dyes was studied by adjusting solution pH to 2, 4, 6, 8 and 10 by 0.1 N 
HCl and NaOH. In addition, the effect of concentration of HMs or dyes 
was examined at pH 6.2. All experiments were carried out at least three 
times, and the average values were reported, together with standard 
error bars and correlation coef�cient (R2 values) where applicable. For 
the determination of free energy change (ΔG) during adsorption, the 
Langmuir adsorption constant was used. Adsorption kinetics were 
studied and modeled by the pseudo-�rst-order and second-order 

reaction kinetics. 

2.7. Characterization 

The concentrations of HMs and dyes in adsorption experiments were 
determined by AAS (Model AA-6880, Shimadzu, Japan) and a UV–vi-
sible Spectrophotometer (Model UV-1900i, Shimadzu, Japan), respec-
tively. Attenuated total reection-Fourier transform infrared (ATR- 
FTIR) spectroscopy was used for the identi�cation of functional groups 
in adsorbents. Adsorbents were also examined by a �eld emission 
scanning electron microscope (FESEM) (Model JSM-7610F, JOEL Ltd, 
Tokyo, Japan) to determine their surface properties, and by X-ray 
diffractometer (XRD) (Model Rigaku, SmartLab) to determine their 
crystallinity. Thermogravimetric analysis (TGA) (Model STA 8000, 
PerkinElmer, Netherlands) was used to understand the sample weight 
loss with respect to temperature changes. Differential thermal analysis 
(DTA) (Model STA 8000, PerkinElmer, Netherlands) was also 
performed. 

3. Results and discussion 

3.1. Surface morphology and surface area of adsorbents 

Silica and NCCS were subjected to SEM analysis to determine the 
morphology (Fig. S2), indicating the presence of nanoparticles (<100 
nm). The morphology of NCCS particles appeared larger compared to 
silica, indicating the attachment of CNPs on silica surface due to the 
formation of a composite structure. Between silica and CNPs, weak in-
teractions such as van der Waals interactions and hydrogen bonds were 
expected to dominate as the preparation process did not involve post- 

Fig. 1. Particle size distribution of (a) CNPs, (b) bio-silica, (c) NCCS, and (d) reduced viscosity vs. concentration graph of chitosan solution.  
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annealing except only freeze-drying. Therefore, NCCS showed better 
compositional stability. 

The size and SSA of nanoparticles in SEM images were determined 
using ImageJ software (Fig. 1). Fig. 1a–c shows the particle size distri-
bution curves for CNPs, silica, and NCCS, which followed the order of 
silica < CNPs < NCCS. The particle size of NCCS was large due to the 
CNPs coating on nano-silica surface. All particle sizes in the nano range 
were con�rmed by FESEM analysis. The molecular weight of chitosan 
was determined using the viscometrical method (Fig. 1d). The viscosity 
average molecular weight of chitosan (10 mg/mL, 0.8 mg/mL, 0.6 mg/ 
mL, 0.4 mg/mL, 0.2 mg/mL) was analyzed after being dissolved in acetic 
acid and NaCl solution. The reduced viscosity was determined by 
analyzing the solution using Ostwald’s viscometer. The reduced vis-
cosity increased with the increase in chitosan solution concentration 
(Fig. 1d). The viscosity average molecular weight of chitosan was esti-
mated to be 82803.620 Da based on the Mark-Houwink equation. 

SSA of CNPs, silica, and NCCS can be calculated by the MB dye 
adsorption method considering the monolayer MB adsorption (Eq. (1)). 

SSA=Xm × N × A (1)  

where Xm is the monolayer adsorption capacity which can be derived 
from the Langmuir adsorption isotherm, N is Avogadro’s number (6.023 
× 1023) and A is the area adsorbed by per molecule of methylene blue 
(130 Å2). The highest monolayer adsorption capacity values were found 
for H2SO4-treated NCCS (47.6 mol/g) and CNPs (48.3 mol/g) compared 
to non-treated silica as well as HCl-treated silica (Table S1). This pri-
marily indicates the adsorption behavior of the extracted and prepared 
materials. This data was also correlated with the speci�c adsorption 
surface areas of the materials. Similar to monolayer adsorption capacity 
values, H2SO4-treated NCCS, and CNPs also showed a higher SSA than 
other prepared silica. It appears that the adsorption behavior of sulfuric 
acid-treated NCCS and CNPs would follow a similar pattern since their 
monolayer adsorption capacity was comparable. However, compared to 
silica particles and CNPs, the coated structure has better stability to deal 
with continuous contaminant removal. 

3.2. Thermal analysis of RH, CNPs and NCCS 

To understand the thermal stability, thermal degradation, and re-
action properties of RH, CNPs, and NCCS, TGA and DTA were conducted 
from 30 to 800 ◦C by a simultaneous thermal analyzer machine (STA 
8000, PekinElmer, Netherland). The thermal stability sequence 
decreased as NCCS > CNPs > RH. For RH samples, the thermal weight 
loss can be described in three stages (Fig. S3a). The initial weight loss of 
RH (~5%) occurred at a temperature of 30–250 ◦C due to the loss of 
water and other volatile substances. In the second stage (280–360 ◦C), a 
rapid and maximum weight loss (50–60%) occurred due to the thermal 
decomposition of hemicellulose and cellulose in RH (Lü et al., 2017). In 
the third stage, 20–25% weight loss occurred from lignin. Lignin is a 
thermally stable aromatic polymer (Das et al., 2013), which decomposes 
at 370–600 ◦C. The residual ash mainly consisted of non-combustible 
silica (~15%, >600 ◦C). 

Of prepared RH, acid-leached RH showed lower thermal stability 
than un-leached RH due to acid hydrolysis. Because of acid treatment, 
cellulose and hemicellulose broke into lower molecular weight com-
pounds, which were thermo-degraded easily. For CNPs, ~7% weight 
loss �rst occurred at ~100 ◦C due to the evaporation of bound and 
unbound water. The maximum weight loss occurred at 230–280 ◦C, 
which corresponded to a complex process including the dehydration of 
saccharide rings, depolymerization, and decomposition of acetylated 
and deacetylated units of polymer (Das et al., 2013). The NCCS showed 
the highest thermal stability and a low residual weight loss as the 
extracted silica was used in the composite preparation. Two thermal 
stages of weight loss (30–230 ◦C, 230–550 ◦C) occurred during the 
heating of NCCS (Fu and Wang, 2011). In stage 1, ~5% of the weight 

was lost due to moisture. Stage 2 was related to the decomposition of 
nano-chitosan which completely burned at 550 ◦C. The amount of 
coated CNPs on silica surface was determined to be ~10%, which was 
equivalent to the increased weight of silica after coating with 
nano-chitosan. 

The exothermic and endothermic behavior of adsorbents under 
temperatures 30–800 ◦C was identi�ed by DTA analysis. For all samples, 
a common endothermic reaction occurred near 65 ◦C attributed to water 
release from samples (Fig. S3b). Considering RH samples, both H2SO4- 
treated and HCl-treated RH had the same exothermic peaks at 360 ◦C 
and 530 ◦C, and endothermic peaks at 460 ◦C and 610 ◦C. RH demon-
strated exothermic peaks at 360 ◦C and 487 ◦C, and endothermic peaks 
at 400 ◦C and 535 ◦C. The CNPs and NCCS showed exothermic peaks at 
500 ◦C and 530 ◦C, respectively. 

3.3. Crystallinity and surface functional groups of adsorbents 

To investigate the role of acid in modifying silica, structural analyses 
of dry-annealed �lms were conducted using XRD. The acid-leached silica 
showed completely amorphous structures upon combustion below 
700 ◦C because of the removal of alkali metals (Khonde and Chaurasia, 
2016). Acid treatment of RH did not affect the silica structure. The broad 
peak with maximum intensity at 2θ = 21.57◦ was observed, indicating 
the amorphous nature of silica (Fig. 2a). 

The FTIR spectra of pristine silica and acid-modi�ed silica (HCl and 
H2SO4) are presented in Fig. 2b, with no signi�cant difference before 
and after acid treatment. The IR peaks at 447 cm−1, 799 cm−1 and 1063 
cm−1 indicated Si–O–Si bond rocking, bending, and stretching vibra-
tions, respectively (Liu et al., 2006). As shown in Table S2 and Fig. 2c, 
nano chitosan showed different bands than pristine chitosan. Chitosan 
exhibited a peak at 3439 cm−1 representing the –NH2 functional group, 
which shifted to 3260 cm−1 in nano chitosan, indicating the crosslinking 
between sodium tripolyphosphate and chitosan. The peaks at 1640 cm−1 

and 1585 cm−1 can be attributed to –CONH2 and –NH2 groups, 
respectively, which shifted hypsochromically to 1620 cm−1 and 1535 
cm−1 in nano-chitosan due to the interaction between –NH3

+ groups of 
chitosan and phosphate groups of TPP. This interaction was also sup-
ported by the decrease in amide band I (1640 cm−1) intensity in CNPs 
compared to chitosan, indicating that amide and –NH2 groups in chi-
tosan were crosslinked with TPP. The presence of a new peak at 1220 
cm−1 (P]O stretching) proved the formation of nanoparticles from chi-
tosan by the ionotropic gelation method. 

The FTIR spectra (Fig. 2d) show silica and CNP functional groups of 
acid-modi�ed samples. The peaks at 452 cm−1, 793 cm−1 and 1068 
cm−1 were related to silica’s Si–O–Si bending and stretching. The peaks 
at 3258 cm−1 and 1555 cm−1 indicated the stretching of –OH and –NH2 
functional groups; respectively. The peaks at 1622 cm−1, 1377 cm−1 and 
1310 cm−1 from the amide group and 1030 cm−1 from the P]O group 
were present in CNPs, con�rming the attachment of CNPs on silica 
surface. 

Based on FTIR spectra, it is inferred that mainly van der Waals in-
teractions and hydrogen bond formation occurred between silica and 
CNPs. More speci�cally, silica has a Si–O–Si bond, whereas CNPs have 
–NH2, –OH, and –O- functional groups on their surfaces. Weak in-
teractions such as hydrogen bond and van der Waals forces were ex-
pected to occur between silica-based oxygen and metallic silica groups 
and chitosan-based amine and hydroxyl groups. In addition, amine 
groups might partially contribute to the enhanced stability of NCCS. 
However, strong interactions were ruled out as no post-chemical or 
annealing process was used except freeze drying. In addition, the 
structure of NCCS was con�rmed from FTIR and SEM analysis, showing 
larger NCCS particles than silica and effective attachment of CNPs on 
silica surface. Therefore, the stability of NCCS was greater than CNPs or 
nano silica alone. 
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3.4. Adsorption by CNPs, silica and NCCS 

3.4.1. Effect of contact time on pollutant adsorption 
For CNPs, the adsorption capacity increased with contact time, and 

maximum adsorption capacity was obtained at 50 min, suggesting a 
time-dependent process. CNPs showed maximum adsorption capacity 
for RB dye among all dyes and Cr6+ among HMs. The main reason for 
this high adsorption capacity was due to the anionic nature of RB that 
can easily bind to –NH2 groups of CNPs (Fig. 3a). Therefore, electrostatic 
interactions are expected between adsorbent surface and adsorbate 
molecule. 

For biosilica, the adsorption capacity also increased with contact 
time, achieving the maximum adsorption capacity at 50 min. Biosilica 
showed maximum adsorption capacity for MB among dyes and Cr6+

among HMs. CNPs showed a higher adsorption af�nity toward RB. 
However, the adsorption capacity of HMs and dyes on silica was lower 
than CNPs because –NH2 and –OH groups were absent with only silanol 
group (Si–O−) being present for adsorption (Fig. 3b). In addition, silica 
had a lower SSA than CNPs. Eventually, all these factors contributed to 
lower adsorption capacities of silica particles than CNPs. 

For NCCS, the adsorption capacity increased with time, and showed 
maximum adsorption capacity for MB among dyes and Cr6+ among 
HMs. The adsorption capacity of NCCS was higher than nano-silica, 
which could be due to the presence of silanol group (Si–O-) of silica 
and –NH2 and –OH group of CNPs (Fig. 3c). Therefore, NCCS showed 
higher adsorption capacities than nano-silica, but slightly lower than 
CNPs. This can be explained by the fact that in NCCS both silica and 
CNPs combined and blocked some pores in CNPs. However, the stability 
of NCCS was much better than nano-silica or CNP. 

3.4.2. Effect of pH on adsorption capacity 
Solution pH could affect contaminant solubility, and ionization and 

functional group on adsorbent. The adsorption capacity of CNPs was 
found to be higher in acidic pH for RB and Cr6+, and in the neutral pH 
range for other dyes (Fig. 3d–f). The adsorption capacity was low for all 
dyes and HMs under basic condition, due to the lower availability of 
surface charge of the adsorbents. The cationic functional groups (–NH3

+, 
Si4+) for silica and CNPs adsorbents are more than anionic sites at low 
pH, which can chelate dye and HM ions by electrostatic attractions 
(Fig. S4). At lower pH, similar range of adsorption capacity for Cd2+ can 
be observed using chitosan and its derivatives (Borsagli and Borsagli, 
2019). In the alkaline condition, more OH− ions impede anionic dye 
adsorption due to repulsion forces. RB is an anionic dye and binds to 
cationic sites at low pH. At low pH, CNPs adsorbed higher amounts of 
Cr6+. Under basic conditions, all metal ions became precipitated as the 
hydroxides with negligible adsorption capacity (Fig. 3d, Fig. S4), as also 
reported by Zeng et al. (2015). The adsorption capacity of bio-silica for 
cationic dyes (BG and MB) was high (49 mg/g) under basic conditions 
while being low for anionic RB dye. For HMs, Cr6+ showed a higher 
adsorption capacity in acidic condition while other HMs showed higher 
adsorption capacity in the neutral pH range, due to pH effect on the 
binding sites on adsorbents. Hydrogen ions may compete strongly at low 
pH with HM ions. Silica mainly adsorbed HMs and dyes by the formation 
of dye-silica complex and metal-silica complex. However, the overall 
adsorption capacity of silica was lower than CNPs because of less 
binding sites (Fig. 3e, Fig. S4). For example, the adsorption capacity of 
CNPs for Pb2+ at pH 6 reached its peak (17 mg/g), a value comparable to 
the adsorption capacity of 19.55 mg/g observed for magnetic Fe3O4@-
chitosan nanoparticles (Huang et al., 2022). 

Fig. 2. (a) XRD of H2SO4-treated silica. FTIR spectra of (b) silica, (c) chitosan and (d) nano-chitosan NCCS.  
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A slightly acidic medium was favorable for maximum sorption of 
dyes and HMs. The pKa value of adsorbents with –OH groups is above 8, 
hence at lower pH, mainly –O– groups and –NH2 groups from CNPs 
contributed to the adsorption processes. The adsorption capacity of 
NCCS showed the same adsorption property as CNP where the adsorp-
tion of RB (38 mg/g) and Cr6+ (20 mg/g) was higher under acidic 
conditions. At very low pH, NCCS is negatively charged, and can accu-
mulate a higher amount of cationic dye RB. However, this effect be-
comes weaker with increasing pH, while the chelating power of NCCS 
became stronger with increasing pH in the acidic region, while RB and 
Cr6+ remain in a highly ionic state. In the alkaline pH, due to repulsion 
forces, more OH-ions impede anionic dye adsorption. RB is an anionic 
dye, and binds more signi�cantly with more cationic sites at low pH. At 
basic pH, all metal ions became precipitated as hydroxides and showed 
negligible adsorption capacity (Fig. S4). The adsorption capacity of 
NCCS is more than CNPs and silica, as NCCS has the combined property 
of both silica and CNPs (Fig. 3f). For HMs and dyes, pH 6.2 resulted in a 
higher adsorption. The increased adsorption capacity around pH 6 was 
also reported for Pb2+ by amidated adsorbents (Huang et al., 2022). 

3.4.3. Adsorption kinetics of CNPs, silica and NCCS 
Pseudo-�rst-order reaction kinetics and second-order reaction ki-

netics were used to determine the adsorption reaction kinetics param-
eters, by plotting ln (qe−qt) versus time (t) and t⁄qt against t, respectively. 
The kinetics parameters of CNPs, silica and NCCS are summarized in 
Fig. 4 and Tables S3–S5. 

Considering the adsorption capacities, NCCS was found to be more 
active than silica, but lower than CNPs for HMs and dyes. The values of 
PFO and PSO rate constants (k1 and k2) were also found to be identical. 
The kinetics rate constant values for HMs adsorption by NCCS were 
lower than by CNPs but higher than silica. PSO-based equilibrium 
adsorption values of BG, MB, Rb, Cr6+, Pb2+, Cd2+ and Ni2+were higher 

than PFO equilibrium values. The CNPs performed well except for MB. 
Higher equilibrium adsorption capacities were found for CNPs 
compared to NCCS, which could be due to the nature of composite 
formation. As silica has low adsorption capacities, the composite ma-
terials tend to sacri�ce certain functional groups during surface coating 
of silica with CNPs. In addition, the R2 values of PFO and PSO were 
signi�cant for all adsorbents (Table S3). The results tend to indicate that 
both physisorption and chemisorption processes were occurring during 
the removal of HMs and dyes. 

3.4.4. Adsorption isotherms 
The Langmuir isotherm (Eq. (2)) indicated the formation of a 

monolayer adsorbate on the surface of the adsorbent containing a �nite 
number of identical sites (Dada et al., 2012): 

1
qe
= 1
qm
+ 1
qm KL

× 1
Ce

(2)  

where qm (mg/g) and KL (L/mg) are the Langmuir constants related to 
the maximum monolayer adsorption capacity and energy of adsorption 
respectively. qe is the equilibrium adsorption capacity (mg/g), and Ce is 
the equilibrium concentration of dye/HM in solution (mg/L). In addi-
tion, the separation factor (RL) can be calculated, which can be classi�ed 
as:  

i. For unfavorable adsorption if RL > 1,  
ii. For linear adsorption RL = 1,  

iii. For favorable adsorption RL < 1,  
iv. For irreversible adsorption RL = 0. 

In comparison, the Freundlich isotherm described the heterogenous 
surface adsorption process, as shown in Eq. (3): 

Fig. 3. Effect of contact time on HMs and dye adsorption for (a) CNPs, (b) silica, and (c) NCCS. Effect of pH on HMs and dye adsorption for (d) CNPs, (e) silica, and 
(f) NCCS. 
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log qe= logKf +
1
n
logCe (3)  

where Kf is the Freundlich constant (mg(1−1/n) L1/n/g) related to the 
bonding energy and 1/n is a measure of deviation from linearity of 
adsorption. 

The adsorption process can be independent of adsorbate concentra-
tion if 1/n = 1, or a favorable adsorption if 1/n value is < 1, or coop-
erative adsorption if 1/n is > 1 (Fu and Wang, 2011). A plot of log qe 
against log Ce resulted in a straight line, where the values of n and Kf can 
be obtained from the slope and the intercept. 

The RL values for HMs and dyes were found to be very low for CNP 
and NCCS compared to biosilica, indicating that adsorption was mostly 
favorable for CNP and NCCS in comparison to biosilica (Tables S6 and 
S7). Based on Table S6 and Fig. 5, the value of n was higher than one 
except in a few cases indicating favorable adsorption. The R2 value of 
Langmuir adsorption was also higher than Freundlich isotherm for all 
adsorbents, indicating that adsorption was more towards monolayer 
coverage. Overall, the results suggest that the adsorption process 
involved both monolayer and multilayer adsorption. In all cases, the 
adsorption capacity values for CNPs and NCCS were found to be higher 
than that of acid-treaded bio-silica. 

In addition to porosity, nanosilica has a lone silanol group which can 
bind metal ions or dyes in an acidic environment through silicon metal- 
assisted interactions such as weak electrostatic interactions (Fig. S4). 
However, silica has less abundant freely accessible functional groups, 
than CNPs with abundant surface functional groups (–NH2, –OH) which 

can interact with metals or dyes to form electrostatic and weak hydrogen 
bonds (Fig. S4). Thereby, CNPs adsorption capacity was increased. On 
the other hand, some functional groups in NCCS participated in forming 
a stable composite, therefore might not be available for interaction with 
the contaminants. Therefore, CNP and NCCS demonstrated high 
adsorption capacities for most HMs and dyes. Overall, NCCS and CNP 
had shown similar performance in the adsorption process, although the 
stability of NCCS was higher than CNPs. 

3.4.5. Adsorption thermodynamics 
In thermodynamics, the change in free energy can be determined by 

using Langmuir constant KL as shown in Eq. (4): 

ΔG= − RT ln KL (4)  

where R is the molar gas constant (8.314 J/(K mol)) and T is the absolute 
temperature. Table S7 shows thermodynamic parameters for the 
adsorption of dyes and HMs onto CNPs, silica, and NCCS. The free en-
ergy change is negative for all adsorption processes, indicating sponta-
neous and thermodynamically favorable adsorption of dyes and HMs on 
adsorbents. 

4. Conclusions 

Three novel adsorbents (silica, CNP, NCCS) were prepared from solid 
waste rice husks and shrimp shells for removing HMs and dyes from 
water, following synthesis and characterization. The highest adsorption 

Fig. 4. Adsorption kinetics for (a) CNPs, (b) silica, and (c) NCCS adsorbents.  
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was observed for RB (59.52 mg/g) among dyes and for Cr6+ (42.55 mg/ 
g) among HMs. The order of adsorption capacity decreased as RB > Cr6+

> MB > BG > Pb2+ > Cd2+ > Ni2+. CNP was found to be most effective 
in removing HMs, while NCCS showed similar adsorption capacities for 
HMs and reactive dyes. NCCS demonstrated the best stability for 
removing reactive dyes and HMs from water, and is recommended for 
further research in sustainable water pollution control. The adsorption 
mechanism involved both physisorption and chemisorption from 
adsorption isotherm and kinetics modelling. In future research, appro-
priate post-treatment of adsorbents after their application in contami-
nant removal should be explored for enhancing reuse potential. 
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