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A novel approach for the utilization of a boiler fuel rice-husk silica waste-based cellulose–clay

nanocomposite (CCN) has been developed for the first time, and it has been assessed as a green

adsorbent for the removal of Pb2+ from water. The addition of cellulose, which is rich in hydroxyl groups,

along with the layered clay, enhanced the surface reactivity, porosity, and structural stability of the

resulting composite. The CCN was characterized through a variety of methods, including Fourier

transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), thermogravimetric analysis (TGA),

scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), Zetasizer, and UV-

vis spectroscopy. Characterization of the CCN confirmed the development of a well-integrated

composite featuring numerous active sites. A specially designed dynamic packed column adsorption

system showed quick and efficient uptake of Pb2+, where the removal effectiveness of the CCN was

influenced by several factors such as pH, initial concentration, and contact time. The CCN achieved an

impressive adsorption capacity of 195.80 mg g−1 under controlled flow rates, adsorption dosage, and pH

conditions. These findings underscore the potential of CCNs as affordable and high-performance

materials for the remediation of heavy metals in wastewater treatment.
1. Introduction

For both developed and developing nations, chemical pollu-
tion—particularly that caused by heavy metals—is the aspect of
the water pollution issue that receives the most attention.1

Because of contaminants' detrimental effects on ecosystems
and human health, heavy metal contamination is a serious
environmental concern. Industrial processes like battery
manufacturing, mining, and smelting, as well as inappropriate
disposal of electronic waste, can introduce Pb, a common heavy
metal, into water systems.2,3 The harmful effects of Pb pollution
on the environment and human health have made it a growing
concern in water bodies.4 Especially among children, lead
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poisoning can cause serious health problems like kidney
damage, neurotoxicity, and developmental disorders.5,6 Conse-
quently, it is crucial to remove lead from aqueous systems.

Innumerable validatedmethods are available for eliminating
wastewater contaminants, among which adsorption has
become widely recognized as one of the most effective tech-
nologies for the removal and potential recovery of heavy metals
from aqueous solution.7,8 Nonetheless, in an adsorption
process, appropriate choice of adsorbent is essential. Because of
the high surface area, chemical versatility, and biodegradability,
clay and cellulose—two naturally occurring materials—have
been used as adsorbents in both unmodied and modied
forms. They have also drawn a lot of interest as adsorbent base
materials.9–11 Because cellulose contains –OH groups, which
give it exceptional reactivity, this biopolymer can be used either
alone or in composites with other materials, like clay, to treat
water.12 Several studies are found showing that, due to its
distinct characteristics, including strong mechanical strength,
resistance to chemicals, biodegradability, and numerous
possible chemical modications, different form of cellulose
such as: polyvinyl alcohol/carboxymethyl cellulose/ZSM-5
zeolite biocomposite membranes,13 PVA/CMC/halloysite nano-
clay bio composite,14 and ZSM-5 zeolite/polyvinyl alcohol/
carboxymethyl cellulose/sodium alginate bio composite15 etc.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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have been utilized as an adsorbent in various wastewater
treatment systems. However, octahedral aluminates, hydrated
tetrahedral silicates, and crystals of other minerals with high
surface area and complex porous structure make up the
majority of the chemical structure of clay minerals, despite the
fact that they exist in a variety of physical forms.16,17 Because of
their high cation exchange capacities, surface reactivity, and
availability, clay minerals like kaolinite and montmorillonite
are perfect for heavy metal adsorption.18 By combining the
advantages of both materials, cellulose and clay can be
combined to create a nanocomposite that offers improved
adsorption efficiency through synergistic effects like increased
surface area, availability of functional groups, and structural
stability.19 The adsorption capacities of composite materials are
richer than those of the individual composite members.

Therefore, by taking advantage of their distinct physico-
chemical characteristics, the clay and cellulose composite may
have a great deal of promise for the effective removal of
extremely hazardous heavy metals like lead Pb2+. Sodium
montmorillonite (NaMMT) can also be used to modify cellulose
for use as an adsorbent. Cellulose montmorillonite,
a composite biomaterial, is the altered product. Cr(VI) can be
eliminated from aqueous solutions using it. Large-scale water
treatment applications can benet from these composites' low
synthesis costs, environmental friendliness, and reusability.20

However, variables like type of clay, modication of cellulose,
and operating conditions affect how well these composites
perform.21–24

This study aims at the development and characterization of
a novel cellulose–clay nanocomposite (CCNs) for the effective
removal of Pb2+ ions from aqueous solutions. To date,
numerous studies exist on cellulose–clay composites or bi-
ocomposites for various applications, demonstrating the utili-
zation of available clay sources as raw materials.7,20,28 In our
study, the clay was sourced from boiler fuel rice-husk silica
waste and utilized post-modication with surfactant (MTABr),
which enhances the signicance of this research. In this study,
the waste from rice husk silica is transformed into a valuable
product that is suitable for environmental heavy metal (Pb2+)
remediation. The method of clay preparation from boiler fuel
rice-husk silica waste has not been investigated for developing
nanocomposites with cellulose. Following the CCNs' prepara-
tion, various analytical techniques such as FTIR, SEM-EDX,
XRD, UV-vis, DLS, and TGA validated the formation of CCNs.
Subsequently, a lled column was constructed utilizing layers of
prepped adsorbents along with supplementary support mate-
rials (such as sand, synthetic bers, etc.) to evaluate the effi-
ciency of CCNs in removing Pb2+ metal ions from water. The
inuence of several factors on the adsorption capacity of CCNs
was analyzed, such as pH, dosage, contact duration, and initial
lead concentration. Finally, different isotherms (Langmuir,
Freundlich, and Temkin) and kinetic models (pseudo-rst-
order, pseudo-second-order, and intra-particle diffusion) were
employed to conrm the adsorption mechanisms. The ndings
of this research will assist in creating a sustainable, cost-
effective, and eco-friendly nano-composite for purifying
wastewater.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2. Materials and methods
2.1 Materials

Commercially available cellulose powder (CAS 9004-34-6, white
color, grain size for column chromatography, ber size 0.01–0.1
mm) from Merck KGaA, Germany, was used as the primary
biopolymer, and myristyl trimethyl ammonium bromide
(MTABr) (Sigma-Aldrich, Germany, purity: $99%) was used for
the synthesis of the composite. Boiler furnace ash collected
from the Dinajpur rice mill was used as a raw material for clay.
Analytical grade acetone (Sigma-Aldrich, Germany) was used for
the dispersion of clay. Lead(II) acetate Pb(C2H3O2)2$3H2O
($99.99% trace metals basis, CAS 6080-56-4, Sigma-Aldrich)
solution as the lead ions source was used for the adsorption
experiments. Hydrochloric acid (Merck, Germany, purity: 98%)
and sodium hydroxide (Merck, Germany, purity: 98%) were
used for pH stabilization, and deionized water was used for
solution preparation.
2.2 Methods

2.2.1 Preparation of the clay. Boiler fuel rice-husk silica
treated with deionized water and HCl was dried at 80 °C over-
night. The clay was subsequently ground into a ne powder
using a planetary ball mill (Pulverisette 5; Fritsch GmbH)
equipped with a 500 mL zirconium dioxide bowl and 80 zirco-
nium dioxide balls (1 cm in diameter). The milling process was
conducted at a frequency of 300 rpm for 2 h. The clay powder
was then separated into different particle sizes using
a mechanical sieve shaker. Particle-size separation was con-
ducted utilizing a vibratory sieve shaker (ANALYSETTE 3 PRO,
FRITSCH GmbH, Germany) equipped with stainless-steel test
sieves with mesh sizes (500, 250, 125, 75, and 45 mm) organized
in descending sequence. 100 g of dried clay powder was sied
for 10 minutes at a regulated vibratory amplitude, yielding
various fractions of clay powder based on particle size. The
instrument's two-dimensional vibrational movement guaran-
teed consistent separation of particles throughout the sieve
series. A solution of 0.001 mol L−1 MTABr was prepared by
diluting it with deionized water. 6 g of 125 mesh sizes of the clay
were mixed with 20 mL of acetone. To achieve optimal swelling
and dispersion of the clay, 100 mL of MTABr solution was
introduced into the clay suspension. The suspension was stir-
red magnetically for 8 h at 800 rpm. The mixture was centri-
fuged at least three times. The solid material was then washed
with water until it became free of bromide. The elimination of
bromide was conrmed through the AgNO3 test. The sample
was taken in a test tube, and 50 mL of 0.1 M AgNO3 solution was
added dropwise. No precipitation conrmed the absence of
bromide.20 The sample was then dried overnight at 80 °C. The
overall clay preparation scheme is depicted in Fig. 1.

2.2.2 Preparation of cellulose clay nano-composite (CCNs).
A clay suspension was prepared using 6 g, 6.5 g, 7 g, and 7.5 g of
clay in 20 mL of acetone. Three grams of cellulose powder were
gradually added to the prepared clay suspension and stirred for
12 hours at 60 °C. The resulting adsorbent was rinsed with
deionized water and air dried at 105 °C for 6 hours, as is
RSC Adv., 2026, 16, 14420–14438 | 14421
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Fig. 1 Preparation of clay.
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illustrated in Fig. 2, and was utilized for subsequent studies. 4
batches were prepared and named as CCN-1, CCN-2, CCN-3,
and CCN-4 respectively.

2.2.3 Construction of packed column. A 500 mL cylindrical
shaped glass column of 32.5 mm radius with solid glass stop-
cock (G 20 SCHOTTuGEN & MAINZ, 500 mL) was assembled
utilizing layers of synthesized CCNs of various weights of (0.05,
0.075, 0.1, 0.125, and 0.15 g) along with 5 g of sand (100 g;
lead(II) adsorption capacity, 0.92 mg g−1). To secure the
column's stability and guarantee the even distribution of the
metal ion solution throughout, layers of 1 g synthetic poly-
propylene ber, (1 g, lead(II) adsorption capacity, 2.7 mg g−1)
were incorporated at both the bottom and top sections of the
column, as is illustrated in Fig. 3. Polypropylene ber was used
due to its durability, low moisture absorption capacity, avail-
ability, light weight, and cost effectiveness.25
Fig. 2 Preparation of cellulose–clay nano-composite (CCN).

14422 | RSC Adv., 2026, 16, 14420–14438
2.3 Characterization of the CCNs

2.3.1 Fourier transform infrared spectroscopy (FTIR). To
detect functional groups and validate chemical interactions
between cellulose and clay, Fourier transform infrared spec-
troscopy (Frontier, PerkinElmer, UK) was used. In trans-
mittance mode, 16 scans of the infrared spectra were made for
each test, with a wavenumber range of 500–4000 cm−1 and
a resolution of 4 cm−1.

2.3.2 X-ray diffraction (XRD). To investigate the crystallo-
graphic property of the synthesized product, an XRD equipment
from Rigaku SmartLab was used. The data were gathered at
intervals of 0.01 and 30° min−1 scan speed within the 2-theta
range of 5–90°. The chiller temperature was kept at 23 °C while
data was being collected using a copper X-ray source operating
at 40 kV and 50 mA. Before the detector, a Ni lter was posi-
tioned to remove the X-ray source's b-rays.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Set up of the packed column, and (b) mechanism for Pb2+ adsorption.
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2.3.3 Scanning electron microscopy (SEM). The surface
morphology of the prepared sample was studied by FESEM
attached with an energy dispersive X-ray spectrometer (JSM-
7610F). The voltage applied was 15.00 kV. The samples were
measured with different magnications (100 000, 50 000, 30
000) and different scales (1 mm, 100 nm). EDX analysis was
carried out to see the atom% and mass% of the elements
present in the samples. Before the analysis, a JEOL (JEC-
3000FC) auto ne coater was used to coat the samples. In the
JEOL JEC-3000FC Auto Fine Coater, platinum (Pt) is the primary
and standard conductive substance used to cover samples for
SEM imaging. The particle sizes of the CCNs were calculated by
© 2026 The Author(s). Published by the Royal Society of Chemistry
ImageJ soware using the SEM images. 25 particles of each
sample were measured by the soware and the data obtained
were further calculated in Origin soware to get the average
particle size of the CCN.

2.3.4 Zeta potential and hydrodynamic diameter. The
colloidal characteristics of the synthesized powder were investi-
gated by the Zetasizer [Zetasizer Ultra,Malvern, UK] utilized for the
dynamic light scattering (DLS) technique. Evaluated the stability
and hydrodynamic diameter by dispersing the samples in water
using an ultrasonic bath [POWERSONIC 510, United Kingdom] at
ambient temperature (30 °C) for 60 minutes. The hydrodynamic
diameters were calculated using the Stokes–Einstein equation.
RSC Adv., 2026, 16, 14420–14438 | 14423
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2.3.5 Thermogravimetric analysis. The thermal stability of
the prepared CCNs was carried out by using a TGA equipment
(model: Pyris 1, Brand: PerkinElmer, Origin: Germany). The
nitrogen ow rate was maintained at 20 mL min−1 while heat-
ing at 20 °C min−1 to a temperature of 30 to 850 °C. The
breakdown of the samples or the temperature withstand ability
of the samples was observed from this analysis.

2.3.6 UV-vis analysis. The absorption maxima was studied
based on the absorption frequency data obtained from a UV-vis
spectrophotometer (Lambda 35, PerkinElmer, Germany) in the
wavelength range of 300–700 nm. In this analysis, the CCNs
were analyzed directly in solid form at room temperature. From
the absorbance data, the band gap was calculated incorporating
Tauc plot. From the absorbance maxima and band gap data,
composites ability to remove Pb2+ was observed.
2.4 Batch adsorption experiments

The adsorption of Pb2+ by the synthesized CCN-1 was investigated
using batch adsorption experiments. The basic difference
between the four batches was the quantity of clay used (6 g, 6.5 g,
7 g, and 7.5 g for CCN-1, CCN-2, CCN-3, and CCN-4, respectively).
Among them, CCN-1 exhibited high crystallinity with the smallest
and most uniform particle size. The thermal stability, band gap
characteristics, and smallest hydrodynamic diameter also
rendered CCN-1 more desirable. The reason might be that 6 g of
clay works well with 3 g of cellulose to create a composite instead
of another composition. Hence, CCN-1 was chosen to execute the
batch experiment. To analyze the CCN-1 dosage effect, the
adsorbents from 0.05 to 0.15 g were employed for 60minutes at 30
± 0.5 °C, and with a Pb2+ concentration of 100 mg L−1. To analyze
the initial concentration effect, in each experiment, 100 mL of
Pb(NO3)2 solution contained 0.1 g of CCN-1 containing beads at
varying concentrations (25–150 mg L−1) for 60 minutes at 30 ±

0.5 °C. The working solution was diluted with either 0.1 M HCl or
0.1 M NaOH to determine the ideal pH for the adsorption exper-
iments. Experiments were carried out in the pH range of 4.0–9.0 in
order to investigate the impact of solution pHon the adsorption of
metals. The effect of ow rate on the Pb2+ adsorption in the
packed column was also investigated with ow rate from 1 to 10
mLmin−1, the initial Pb2+ concentrationwas kept at 100mg L−1 at
pH = 6, and at 30 ± 0.5 °C throughout the experiments. The
solution was ltered following adsorption, and Atomic Absorption
Spectroscopy (NovAA 400P, Analytik Jena, Germany) was used to
measure the remaining Pb2+ ion concentration.

2.4.1 Isotherm and kinetic studies. At room temperature,
the solution was introduced in a downward ow conguration
for the adsorption experiments. An Atomic Absorption Spec-
trometer (AAS) (NovAA 400P, Analytik Jena, Germany) was used
to analyze the ltrate gathered at the packed column's outlet.
This study aims to assess the impact of different parameters on
Pb2+ adsorption, such as the following:

� Contact time at various intervals (ranging from 5 to 180
minutes).

� Initial Pb(II) concentrations of (25–150) mg L−1, with
varying contact times (5–180 minutes).
14424 | RSC Adv., 2026, 16, 14420–14438
� Initial pH values ranging from 4 to 9 at optimum contact
time.

� Adsorbent doses of 0.05, 0.075, 0.1, 0.125, and 0.15 g at the
optimum contact time and optimum pH 6.

The adsorption capacity (Qe), and the removal efficiency (%)
were estimated by engaging the following equations:

Qe = (Ci − Ce/M) × V (1)

Removal efficiency = (Ci − Ce/Ci) × 100 (2)

where Qe stands for the adsorption capacity (mg g−1), V (L)
denotes the volume of the solution, M (g) for the mass of the
adsorbent, Ci and Ce (mg L−1) represent the initial and nal
concentrations of Pb(II), respectively.

2.4.1.1 Adsorption kinetics. The adsorption mechanism was
studied by engaging different kinetic models, including pseudo-
rst order, pseudo-second order kinetic model, and intra-
particle diffusion model for this adsorption. The following
equations are employed to study the models:

Pseudo-rst order kinetic model:

ln(Qe − Qt) = lnQe − k1t (3)

Pseudo-second order kinetic model:

t

Qt

¼ 1
�
k2Qe

2 þ t=Qe (4)

Intra-particle diffusion model:

Qt = Kdiff × t1/2 + C (5)

where, Qe = the adsorption amounts (mg g−1) at equilibrium
(min), Qt = the adsorption amounts (mg g−1) at time t, k1
(min−1) = the rate constant for the pseudo-rst order, k2 (g
mg−1 min−1) = the rate constants for the pseudo-second order
kinetic adsorption, and Kdiff (mg (g−1 min−1/2)) = the rate
constant for the intra-particle diffusion, respectively. The letter
C denotes the boundary layer's thickness.

2.4.1.2 Adsorption isotherm. A total of three isotherm
models were incorporated to analyze the resulting data in order
to characterize the interaction between Pb2+ and the composite
adsorbent and assess the equilibrium adsorption properties.
The linear forms of these adsorption isotherms utilized in the
investigation are listed below:

Langmuir isotherm model equation:

CeQe = 1/QmKL + CeQm (6)

Freundlich isotherm model equation:

ln Qe ¼ ln KF þ 1

n
ln Ce (7)

Temkin isotherm model equation:

Qe = B lnKT + B lnCe (8)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a and b) FTIR spectra of clay, prepared CCNs before and after Pb2+ adsorption.

Fig. 5 SEM images of (a) clay, (b) CCN-1, (c) CCN-2, (d) CCN-3, (e) CCN-4, and (f) CCN-1 composite after Pb2+ adsorption.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 14420–14438 | 14425
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where, Qe (mg g−1) = the amount of Pb2+ adsorbed onto the
adsorbents at equilibrium, Qm (mg g−1) = the maximum Pb2+

adsorption capacity of the adsorbents, KL (L mg−1) = Langmuir
constant, KF (mg g−1) (L mg−1)1/n = Freundlich constant, and KT

(L mg−1) = Temkin constant.
Fig. 6 Particle size calculation of (a) clay, (b) CCN-1, (c) CCN-2, (d) CCN

14426 | RSC Adv., 2026, 16, 14420–14438
3. Results and discussion
3.1 Characterizations

3.1.1 Fourier transform infrared spectroscopy (FTIR). The
FT-IR analysis of the prepared clay and CCN is presented in
Fig. 4(a and b). A total of four batches were prepared, and the
-3, and (e) CCN-4.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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data are presented here. In the region associated with O–H
stretching, the clay sample displays a signicant band within
the wavenumber range of 3700–3600 cm−1, which is attributed
to OH stretching that is bonded to Al on the surface.26 In the
case of CCNs, at (3400–3100) cm−1, the characteristic O–H
stretching vibration peak is broad, which indicates the clay and
cellulose were covered by each other.27 The band at about
Fig. 7 EDX images of (a) clay, (b) CCN-1, (c) CCN-2, (d) CCN-3, (e) CCN

© 2026 The Author(s). Published by the Royal Society of Chemistry
∼1630 cm−1 could be attributed to the H–OH bonding, while
the peak at about ∼1402 cm−1 is for C–O stretching.20,28 These
peaks can be easily seen in Fig. 4(a). Furthermore, the band at
∼1112 cm−1 refers to Si–O–Si, which is another indication of the
formation of the composite.29,30 In addition, peaks at ∼1164,
∼1059, ∼1035, and ∼695 cm−1 are for vibration of the –SO3H
group, C–O–C vibration, Si–O vibration, and Si–O deformation,
-4, and (f) CCN-1 composite after Pb2+ adsorption.

RSC Adv., 2026, 16, 14420–14438 | 14427
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respectively.31 The absorption band detected around 874 cm−1

is associated with the b-glycosidic C–H deformation of cellu-
lose, which may also include contributions from Al–OH or Si–O
vibrations of the clay mineral, thereby conrming the effective
creation of the cellulose–clay composite.28 All these peaks in the
region (1500–500) cm−1 are well seen from Fig. 4(b).

Aer Pb2+ adsorption, the change in the spectrum can be
seen in the case of the CCN-1 sample. The broad, sharp char-
acteristic O–H stretching vibration peak at (3400–3100) cm−1

exhibits a slight shi and a reduction in intensity, indicating
successful binding of Pb2+ ions onto the composite surface.32–34

Aer Pb2+ adsorption, the C–H stretching peak is observed at
∼2904 cm−1 conrming the cellulose backbone remains struc-
turally stable aer metal adsorption. The peak at ∼1630 cm−1

shows reduced intensity, suggesting interaction between the
Pb2+ ion and carbonyl groups of cellulose or surface oxygen-
containing groups. In the region (1200–1000) cm−1 the weak-
ening of the –SO3H group, Si–O–Si vibration, and C–O–C
vibration peaks indicate the participation of cellulose ether and
alcohol groups in Pb2+ binding. The low intensity band at
∼600 cm−1 aer Pb2+ adsorption may be associated with Pb–O
bonding, conrming the formation of lead–oxygen complexes
on the composite surface.32,35,36

3.1.2 Scanning electron microscope (SEM). The clay's and
CCNs' morphological characteristics are displayed in Fig. 5. The
clay's SEM micrograph Fig. 5(a) indicates the existence of larger
particles that appear to have been formed by several aky
particles coming together to create agglomerates.26 It is clear
from the SEM pictures that the composites in Fig. 5(b–e) do not
contain any distinct cellulosic ber. Furthermore, clay particles
are also indistinguishable, which indicates the formation of the
composite.34

The composites have compact, rough, and porous surfaces,
and the particle size of the CCNs seems to be below 100 nm.
During the CCN-1 synthesis, 6 g of clay was combined with 3 g of
cellulose. This composite is observed to be of consistent size in
relation to other batches. For other composites, the quantity of
clay exceeded 6 g. The SEM images clearly show that the CCN-2,
CCN-3, and CCN-4 composites exhibit agglomeration in
comparison to CCN-1. This occurrence might result from the
condition that 6 g of clay mixed with 3 g of cellulose is the ideal
ratio for creating this composite. The 2 : 1 clay–cellulose ratio
results from adequate cellulose coverage that stabilizes clay
particles through hydrogen bonding, while increased clay
Table 1 EDX elemental data of clay and CCNs

Element/mass% Clay CCN-1 CCN-2

Si 8.75 4.14 1.69
O 38.27 39.71 41.69
C 35.07 38.47 36.14
Al 0.97 0.50 0.48
Mg 0.74 1.43 1.71
Cu 4.63 3.25 2.46
Ca 11.57 12.50 —
Pb — — —

14428 | RSC Adv., 2026, 16, 14420–14438
loading surpasses cellulose's stabilizing ability, causing particle
restacking and agglomeration. From Fig. 5(f), it can be seen that
the particles are agglomerated together as a big particle aer
Pb2+ adsorption. CCN-1 composite was utilized in the Pb2+

adsorption experiment. It is clearly seen that, the almost
uniform particles of CCN-1 (Fig. 5(b)) has been changed to non-
uniform large particle (Fig. 5(f)). The particle size was calculated
by ImageJ soware and shown in Fig. 6. It can be seen that the
average particle size of the treated clay sample was near 165 nm
(Fig. 6(a)) whereas the particle sizes of the composites were
45.558 nm, 63.468 nm, 51.367 nm, and 50.865 nm for CCN-1,
CCN-2, CCN-3 and CCN-4 respectively as can be seen in
Fig. 6(b–e). CCN-1 exhibits the smallest particle size compared
to others. The mean particle size of different batches was
determined to be 52.81 ± 7.57 nm. The slight differences in
particle size across batches can be linked to minor variations in
synthesis conditions, including the dispersion efficiency of clay
layers, the swelling behavior of cellulose, local differences in
viscosity, and aggregation caused by drying during the forma-
tion of composites. Such slight variations between batches are
frequently seen in polymer–clay nanocomposite systems
because the nucleation and particle assembly are sensitive to
the uniformity of mixing and interfacial hydrogen bonding.
Statistical analysis indicates that the observed sizes are within
one standard deviation of the overall mean, suggesting that the
variations between batches fall within the normal range of
experimental variability and do not indicate a signicant
alteration in particle formation behavior. In this study, the
CCN-1 with the smallest particle size is considered because,
with the decrease in the particle size, the surface area of the
particles increases. This phenomenon aids in higher Pb2+

adsorption.25

3.1.3 Energy dispersive X-ray (EDX). Fig. 7 shows the EDX
mapping data of clay, Fig. 7(a), and CCNs, Fig. 7(b–e). The
silicon peak is prominent in the case of the clay, indicating the
crucial element of the clay. The O also gives a major peak due to
the presence of oxygen. The clay also contains traces of Mg2+,
Ca2+, and Na+, in oxide form, along with other elements in
clay.25 On the other hand, EDX mapping shows a broad peak of
carbon for CCNs compared to clay, conrming the incorpora-
tion of cellulose. The peak for oxygen is strong for CCNs, as both
clay and cellulose contain oxygen. There is a decrease in the Si
peaks' intensity in the case of CCNs due to the dilution factor. It
can be seen that, Ca2+, Mg2+, Si4+, Al3+, etc. are some of themajor
CCN-3 CCN-4 CCN-1 aer Pb2+ adsorption

4.71 4.61 1.69
36.01 43.35 37.80
45.44 16.40 16.07
1.47 0.86 0.65
1.29 2.02 3.95

— — 6.39
— 2.54 25.19
— — 2.87

© 2026 The Author(s). Published by the Royal Society of Chemistry
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elements of the nano-composites, which defends the combi-
nation of cellulose and clay within the nano-composite.28 No
new elements are detected for CCNs as no additives were used
to prepare the CCNs. Aer Pb2+ adsorption, the presence of Pb
can be seen in the CCN-1 composite as depicted in Fig. 7(f). The
atom (%) of the clay, CCNs and CCN-1 aer adsorption are
listed in Table 1.
Fig. 8 Zeta potential of (a) CCN-1, (c) CCN-2, (e) CCN-3, (g) CCN-4, and
nano-composites at pH 6.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1.4 Zeta potential and point of zero charge (PZC). The
zeta potential value and hydrodynamic diameter of the nano-
composites at pH 6 are shown in Fig. 8. It is seen that, the
CCN-1 demonstrated pH-sensitive zeta potential values that
varied from −45.69 to +11.26 mV (Fig. 8(a)). At pH levels
exceeding the PZC (3.65), the surface acquired a signicant
negative charge due to the deprotonation of surface hydroxyl
hydrodynamic diameter of (b) CCN-1, (d) CCN-2, (f) CCN-3, (h) CCN-4

RSC Adv., 2026, 16, 14420–14438 | 14429
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Fig. 10 TGA thermogram of cellulose and CCNs.
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groups, leading to outstanding colloidal stability. The hydro-
dynamic diameter measured by DLS was around 58.823 nm
(Fig. 8(b)), validating the nanoscale distribution of the
composite in water. The presence of a high negative zeta
potential along with a small hydrodynamic size suggests
excellent dispersion stability and improved surface accessibility
of CCN-1, both of which are benecial for the adsorption of
cationic heavy metals.10,19 The zeta potential values of CCN-2,
CCN-3, and CCN-4 are −24.53 to +11.07 mV, −29.36 to
+16.9 mV, and −23.96 to +22.33 mV, respectively (Fig. 8(c), (e)
and (g)). The hydrodynamic diameters are 82.079 nm,
119.585 nm, and 64.925 nm, respectively, for CCN-2, CCN-3,
and CCN-4 batches (Fig. 8(d), (f) and (h)) indicate moderate
dispersion stability.19

As the CCN-1 is more stable compared to other batches, the
PZC value of CCN-1 was evaluated and is depicted in Fig. 9. The
point of zero charge (PZC) for the CCN-1 was found to be pH
3.652, signifying that at this pH, the composite's surface has no
net electrical charge. When the pH is below 3.652, the surface
turns positively charged because of the protonation of func-
tional groups, whereas above pH 3.652, the surface becomes
negatively charged due to deprotonation. The relatively low PZC
value suggests that the composite surface is acidic, which is due
to the abundance of hydroxyl, silanol (Si–OH), and aluminol
(Al–OH) functional groups derived from cellulose and clay
minerals. These groups easily dissociate at pH levels higher
than the PZC, resulting in negatively charged adsorption sites.
When the solution pH exceeds the PZC, the surface of the
nanocomposite retains a negative charge, promoting high
electrostatic attraction and surface complexation with positively
charged metal ions like (Pb2+).23

3.1.5 Thermo-gravimetric analysis (TGA). To measure the
thermal stability of the composites, TGA was performed. In the
thermogram, there are two phases of degradation. Water was
lost during the rst stage between 40 °C and 150 °C. And then,
a notable decrease in weight during the second stage, which is
between 200 °C and 350 °C, appeared as shown in Fig. 10. This
resulted from organic materials decomposing. The degradation
temperature (Tdeg) of the pure cellulose was about 269 °C,
Fig. 9 Point of zero charge (PZC) of CCN-1.

14430 | RSC Adv., 2026, 16, 14420–14438
whereas in the case of the composites, the Tdeg values were
found above 310 °C, indicating increased resistance to thermal
decomposition. The addition of clay to composites frequently
results in such a notable increase in the composites' thermal
stability. It seems that the exfoliated silicate sheets that formed
as a result of the composite formation prevent the mechanism
of thermal degradation of cellulose.37

The TGA curve for the CCN-1 composite following Pb2+

adsorption shows a minor rise in initial moisture loss and
a transition of the primary cellulose degradation temperature to
higher values, suggesting improved thermal stability as a result
of robust Pb2+–oxygen coordination. The greater residual mass
(∼58%) compared to the residual mass of CCN-1 (∼52%) further
validates the effective Pb2+ loading onto the composite.37

3.1.6 X-ray diffraction (XRD) analysis. Sharp and pointed
diffraction peaks are observed for the prepared CCNs from the
XRD data, as depicted in Fig. 11. The corresponding peaks are
2q= 20.838°, 22.810°, 26.637°, 29.374°, 45.780°, and 81.480° for
CCN-1, 2q = 20.850°, 22.860°, 26.615°, 29.373°, and 81.407° for
CCN-2, 2q = 20.820°, 22.640°, 26.613°, 29.337°, 45.696°, and
81.458° for CCN-3 and 2q = 20.888°, 22.610°, 26.675°, 29.407°,
45.837°, and 81.130° for CCN-4 respectively.7,20 These sharp
peaks indicate the crystalline nature of the composites. From
these sharp peaks, it can also be said that the clay layer in the
CCN might be orderly distributed.20 The clays are rendered
more organophilic due to surface alteration, enhancing their
interaction with the biopolymer cellulose and resulting in a ne
dispersion within the matrix.7 The XRD pattern for the CCN-1
composite following Pb2+ adsorption reveals a minor shi and
decrease in intensity of the distinct peaks associated with both
clay and cellulose, suggesting that interlayer expansion and an
increase in structural disorder have occurred due to the inter-
calation of Pb2+ and surface complexation. The lack of crystal-
line Pb phases indicates that lead is present in an amorphous
state as opposed to being precipitated.20

The crystallite size, crystallinity, and dislocation density of
the composites are determined by the following equations and
are depicted in Table 2.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 XRD pattern of prepared CCNs.
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Crystallite size; D ¼ kl

b cos q
(9)

Crystallinity ð%Þ ¼ Ið1Þ
Ið1Þ þ Ið2Þ þ Ið3Þ

(10)

Dislocation density; d ¼ 1

D2
(11)

From Table 2, it can be seen that CCN-1 nano-composite has
the smallest average crystallite size and high crystallinity, which
makes CCN-1 more prominent than the other batches.
Fig. 12 (a) UV spectra, and (b) band-gap of cellulose and prepared CCN

Table 2 Size of the crystallite, dislocation density, and crystallinity of
the CCNs

Composites
Average crystallite
size, D (nm)

Dislocation
density, d

Crystallinity
(%)

CCN-1 63.833 2.45 × 10−4 69.03%
CCN-2 72.904 1.88 × 10−4 63.88%
CCN-3 55.873 3.20 × 10−4 63.47%
CCN-4 72.881 1.88 × 10−4 50.64%

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1.7 UV-vis analysis. Fig. 12(a) describes the UV spectra of
pure cellulose and the prepared batches of CCNs. It is seen that
the absorption maxima (lmax) is at 211 nm for pure cellulose. In
the case of the CCCs, the absorptionmaxima shied to 353, 345,
346, and 344 nm, respectively, for CCN-1, CCN-2, CCN-3, and
CCN-4. The development of the composite may be the cause of
this red shi. In Fig. 12(b) the band gap calculation is shown
based on Tauc plot. It is seen that the cellulose has a higher
band gap of 4.427 eV compared to the composites (CCN-1 =

3.150 eV; CCN-2 = 3.137 eV; CCN-3 = 3.239 eV, and CCN-4 =

3.195 eV). The lower band gap of the composites is generally
attributed to high structural disorder and strong interfacial
bonding between clay layers and cellulose chains. These
increased defects on the composite act as coordination sites for
Pb2+ adsorption, resulting in higher Pb2+ adsorption capacity.
Generally, the –OH, –COOH groups of cellulose and the –Si–O−,
–Al–O− groups of clay show electronic interaction with Pb2+

when the band gap is smaller due to easy charge transfer.38–40

3.2 Adsorption kinetic study

From the above discussion, the CCN-1 batch was found to be
preferable than other batches. So, the adsorption study was
carried out using CCN-1 nano-composite.

3.2.1 Dosage effect. Fig. 13(a) illustrates the ndings about
the dosage effect on the elimination of Pb2+. The adsorption
procedure lasted for 60 minutes at 6.0 pH, 30 ± 0.5 °C, and
a Pb2+ concentration of 100 mg L−1. The adsorbents from 0.05
to 0.15 g were employed to assess their adsorption capabilities.

The gure illustrates that the adsorption capacity of Pb2+ by
composites rose as the dosage increased up to a specic level,
aer which it gradually declined. Conversely, the removal
capacity improved with CCN dosage enhancement and even-
tually stabilized. The maximum removal of Pb2+ recorded was
98.71% with a capacity of 197.42 mg g−1 at a CCNs dosage of
0.1 g.

The relationship between higher adsorbent dosage and
enhanced removal efficiency is explained by the rise in active
s.

RSC Adv., 2026, 16, 14420–14438 | 14431
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adsorption sites as the quantity of adsorbent increases.
However, since the Pb2+ concentration in the solution stayed the
same, this led to a surplus of unoccupied adsorption sites that
were not fully utilized, and a decline in adsorption capacity is
observed aer a certain point.41,42

3.2.2 Effect of time of contact. Pb2+ ions adsorption by
CCN-1s was studied against time, and the ndings are shown in
Fig. 13(b). Using CCN as an adsorbent led to an increase in the
Fig. 13 (a) Dosage effect, (b) effect of time of contact, (c) pH effect, (d) e
the Pb2+ removal.

14432 | RSC Adv., 2026, 16, 14420–14438
adsorption of Pb2+ over time. The CCN's adsorbent reached
equilibrium in 60 minutes, and a notable rapid adsorption
during the initial 60 minutes was also recorded, achieving
a higher removal efficiency for Pb2+ of 97.9% for 100 mg L−1.
This outcome highlighted the signicant effect of CCNs on the
adsorption process. Initially, Pb2+ ion adsorption increased due
to the huge availability of active sites for binding. So, the
adsorption rate went up steadily until it reached equilibrium.
ffect of initial Pb2+ concentration, and (e) effect of flow rate of CCN on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Following the specied duration, the adsorption process
became stable, indicating that equilibrium had been achieved.

3.2.3 Effect of pH. Fig. 13(c) illustrates how pH affects the
adsorption of Pb2+ metal ions by CCNs in the pH range of 4–9.
The pattern indicates that pH has a major impact on CCNs'
capacity for adsorption. The efficacy of adsorption processes is
strongly governed by the initial pH value.43 The removal effi-
ciency of Pb2+ by CCNs adsorbent showed a proportional
increase with pH values; at pH 6, the maximum Pb2+ ion
removal was 98.83%. This is explained by the fact that changes
in pH affect the surface charge of CCNs, which in turn affects
the rate of removal.44

On the surface of the CCN's adsorbent, a considerable
quantity of Pb2+ competes for the active adsorption sites when
the pH values are lower. Due to the higher positive charge on the
adsorbent surface, Pb2+ nds it challenging to nd sufficient
negative charge to bind efficiently. Because Pb2+ and the posi-
tively charged CCNs adsorbent surface are electrostatically
repelled, the removal rate is comparatively low. The composite's
capacity to eliminate metal ions was limited at low pH values.
The capacity of adsorption was lower due to hydrogen ions
competing with Pb2+ ions at low pH values.45 A higher adsorp-
tion capacity facilitated by electrostatic attraction results from
the surface charge of CCNs adsorbent shiing towards a more
Fig. 14 (a) Pseudo-first order kinetic model, (b) pseudo-second order k
Pb2+ from aqueous solution by the CCN-1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
negative state as pH rises, and the competitive adsorption
between the Pb2+ ions and H+ ions also reduces signicantly.7 At
higher pH values, a decrease in adsorption was seen, most likely
as a result of hydroxide complex formation.45

3.2.4 Effect of initial Pb2+ ions concentration. The effec-
tiveness of adsorption was investigated at different concentra-
tions of Pb2+ at the optimum time of 60 minutes.

Fig. 13(d) reveals that the Pb2+ adsorption showed
a decreasing trend as the initial metal ion concentration
increased. The efficiency of Pb2+ removal at different Pb2+

concentrations from 25 to 150 mg L−1 by the designed column
with layers of 0.1 g of CCNs adsorbent. 99.22%, 99.13%, 98.82%,
97.69%, 94.06%, and 88.00% of Pb2+ were successfully elimi-
nated by the column containing 25, 50, 75, 100, 125, and
150 mg L−1 of Pb2+ ions, respectively. Though the concentration
of initial Pb2+ increases, the active sites of the adsorbent remain
the same. Thus same amount of adsorbent becomes less effi-
cient for higher concentration solution resulting in decreased
removal.45

3.2.5 Effect of rate of ow on Pb2+ adsorption in column.
By altering the rate of ow from 1 to 10 mL min−1, the effect of
ow rate on the Pb2+ adsorption in a packed column was
investigated. The initial Pb2+ concentration was kept at
inetic model, and (c) intra-particle diffusion method for adsorptions of
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Table 4 Adsorption isotherm parameters obtained for Pb2+

Isotherm model Parameter Pb(II) ion

Langmuir Qe,exp. (mg g−1) 195.39
Qe,cal. (mg g−1) 198.41
KL (L g−1) 1.556
R2 0.999

Freundlich KF (mg g−1) (L mg−1)1/n 61.151
N 2.931
R2 0.833

Temkin BT (J mol−1) 2.83412
KT (L mg−1) 17.6468
R2 0.971

Table 3 Kinetic parameters obtained for pseudo-first order, pseudo-
second order, and intra-particle diffusion kinetics on Pb2+ adsorption

Kinetic model Parameters Pb(II) ion

Pseudo-rst order Qe,exp. (mg g−1) 195.801
Qe,cal. (mg g−1) 185.718
k1 (min−1) −0.0003
R2 0.996

Pseudo-second order Qe,exp. (mg g−1) 195.801
Qe,cal. (mg g−1) 204.081
k2 (g mg−1 min−1) 0.0004
R2 0.998

Intra-particle diffusion R2 0.501
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100 mg L−1 at pH = 6, and at 30 ± 0.5 °C throughout the
experiments.

As expected, the Pb2+ adsorption decreased with increased
ow rate, as shown in Fig. 13(e). The removal (%) decreased
from 96.83% to 75% for 1–10 mL ow rate. Generally speaking,
a faster ow rate reduces the time that the Pb2+ ions and column
material are in contact. Conversely, a slower ow allows the Pb2+

ions and the column material to come into contact for a longer
period of time, increasing the column's removal efficiency.
Fig. 15 (a) Langmuir, (b) Freundlich, and (c) Temkin adsorption isotherm

14434 | RSC Adv., 2026, 16, 14420–14438
3.3 Kinetics study of Pb2+ adsorption

Fig. 14 displays different adsorption kinetics model tting,
while Table 3 presents the calculated parameters for pseudo-
rst, pseudo-second order, and intra-particle diffusion kinetic
models. For the adsorption of Pb2+ onto the adsorbents, it was
evident from the correlation coefficient (R2) that the pseudo-
second order kinetic model (R2 = 0.998) offered a better
s for adsorptions of Pb2+ from aqueous solution by the CCN-1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of CCN-1 maximum Pb2+ ion removal efficiency with other adsorbents

Adsorbents Adsorption condition
Adsorption
condition

Removal capacity
(mg g−1) Optimum kinetic

Optimum
isotherm

Sodium-alginate–cellulose–nano-clay
composite49

Batch adsorption 5.5, 25 °C 0.11 Pseudo-second order Langmuir

Bentonite–cellulose hydrogel50 Batch adsorption 6.0, 25 °C 110.64 Pseudo-second order Sips
Cellulose nanoparticles/chitosan
composition48

Batch adsorption 6.0, 25 °C 221.104 Pseudo-second order Langmuir

Clay modied sodium carboxymethyl
cellulose51

Batch adsorption 7.0, 25 °C 5.1 — Freundlich

Biosorbent53 Packed column 6.0, 25 °C 108 Pseudo-second order Langmuir
Cellulose/zeolite-A composite52 Batch adsorption 6.5, 25 °C 94.51 Pseudo-second order Langmuir
Biomass/resin mixture54 Packed column 5.0, 25 °C 62.96 — Langmuir
Biochar derived from poplar saw dust55 Batch adsorption 5.0, 25 °C 62.68 — Langmuir
CCN (this study) Packed column 6.0, 30 °C 195.80 Pseudo-second order Langmuir

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
10

:0
2:

43
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
correlation than the pseudo-rst order (R2 = 0.996) and intra-
particle diffusion (R2 = 0.501).

The pseudo-second-order model of the adsorption kinetics
suggests that the chemical interactions between the Pb2+ ions
and the CCNs' active sites control the adsorption rate. The
results of the determination of the adsorption rate constant
indicate that CCNs have quick adsorption kinetics, which
makes them appropriate for a quick water treatment
process.46–48
3.4 Adsorption isotherm study

Adsorption isotherms, which offer vital information, were used
to assess the prepared adsorbent's effectiveness for Pb2+

adsorption. The Langmuir, Freundlich, and Temkin isotherm
models were used to study the obtained data, and Fig. 15 shows
the corresponding plots. The parameters derived from tting
these models to the experimental data are shown in Table 4.
According to Table 4, correlation coefficient (R2) values were
0.999 (Langmuir), 0.833 (Freundlich), and 0.971 (Temkin) for
the isotherm models, respectively. These values may indicate
that this study followed the Langmuir model of adsorption,
indicating monolayer surface adsorption.46,47

In Table 5, the comparison of the Pb2+ adsorption capacity of
our prepared CCN-1 with other composites is summarized.
Compared to the adsorption capacity of other adsorbents, this
newly synthesized CCN-1 adsorbent demonstrates reliable and
impressive adsorption capacity.

While this study demonstrates the high efficiency of the
composite for Pb2+ ions removal, certain limitations should be
acknowledged. This research was carried out in a controlled
laboratory setting using single-metal aqueous solutions.
Although the suggested CCN shows encouraging adsorption
performance, additional efforts are necessary to assess regen-
eration capabilities, and long-term column stability in actual
wastewater systems. Subsequent studies need to assess the
adsorption capabilities of the created CCN in multi-metal
systems and actual wastewater matrices with competing ions,
dissolved organic compounds, and suspended contaminants.
Extended regeneration studies and adsorption–desorption
cycling are essential to assess the structural stability and cost-
© 2026 The Author(s). Published by the Royal Society of Chemistry
effectiveness of the composite for multiple applications. More-
over, altering the CCN surface via chemical activation, adding
nanoparticles, or adjusting pore structures could further
improve adsorption selectivity and capacity for wider heavy-
metal remediation uses. Further research involving real waste-
water applications and composite recyclability is currently
underway. These ndings will be reported in a forthcoming
publication.
4. Conclusion

To summarize, the development of a novel cellulose–clay nano-
composite (CCN) from a unique clay source is reported for the
rst time as a prominent adsorbent for the effective capture of
lead (Pb2+) from water. The characterization of the CCN using
state-of-the-art techniques such as FTIR, XRD, SEM-EDX, TGA,
and UV-vis spectroscopy provided essential insights into the
formation of the composite material. A controlled adsorption
method was utilized to assess the inuence of pH, temperature,
initial Pb2+ ion concentration, contact time, adsorbent dosage,
and the ow rate on the removal efficiency of the CCN under
competitive circumstances. The ideal conditions were found to
be a pH of 6.0, a contact time of 60 min, a temperature of 30 °C,
an initial Pb2+ concentration of 0.1mg L−1, an adsorbent dosage
of 5 mg L−1, and a ow rate of 1 mL min−1. Under these
conditions, the CCN demonstrates an impressive adsorption
capacity of 195.80 mg g−1 when utilized in the designed packed
column adsorption system. At an optimal temperature of 30 °C,
the experimental results correspond well to the Langmuir
adsorption isotherm model (R2 = 0.999) and exhibit strong
conformity with pseudo-second order kinetics (R2 = 0.998),
validating the occurrence of spontaneousmonolayer adsorption
via a chemical adsorption mechanism. These ndings could
encourage the advancement of novel adsorbents aimed at
eliminating heavy metals from wastewater.
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