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ABSTRACT KEYWORDS
Polyaniline (PANI) is extensively researched for its conductivity and enhanced properties Polyaniline; nanocellulose;
for multifunctional commercial applications, addressing heavy metal pollution. This work in situ polymerization;
details the synthesis of nanocellulose/copper ions (NCs-Cu?*) doped PANI nanocompo- conductivity

sites via in-situ polymerization which assesses the nanocomposites’ efficiency in heavy 38
metal adsorption and their regenerability. NC extraction employs acid hydrolysis, while R kLY A
batch adsorption experiments consider parameters like pH, adsorbent dosage, Cu** Wb Stk
concentration, and contact time. Nanocomposites are prepared using different ratios

to compare conductivity (1:9, 2:8, 3:7) and characterized using XRD, FESEM, TEM, FTIR,

and TGA. XRD reveals increased ordering with NC-Cu®* concentration, indicating a highly

ordered PANI structure in the presence of NC-Cu®*. FESEM shows morphological

changes and homogenous nano dispersion. TEM depicts rod-like NC-Cu®* PANI struc-

tures. FTIR demonstrates slight peak shifts during in-situ polymerization and TGA con-

firms its high thermal stability. Adsorption mechanisms are studied with Langmuir and

Freundlich isotherms, showing good agreement between experimental and theoretical

data. The conductivity of NC-Cu?*PANI ranges from 5.73 to 18.27 x 10 S/cm™', signifi-

cantly higher than pure PANI (3.53 x 10 S/cm™'), with a decrease in conductivity as the
NC-Cu?*-to-PANI ratio increases. This research provides insights into the synthesis,

properties, and applications of PANI-based nanocomposites for heavy metal removal.
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RASE (PANDAIIE S s PR RN s (O E RE Mgl 2 09T, WIHT 2 ohRemb i, fifuk
F 4 BT AL )L X IR AR VEANA 24 T 38 5 SR 28 A B K 4T 48 32 /4 B8 1 (NCs-Cu?)
BIKIPANIZUR S MEL, VPAL T 90K A PRI T e MR B T PR 2803 2 ) 2
PE. NCHREUR IR KM, Mot BSR4 8 7 pHE . WA = Cu iR RE Azl
I TR) &2 50 A AN IR BB S R R S R DAL L S 2R (1:9, 2:8. 3:7), JfAHH
XRD. FESEM. TEM. FTIRFITGABEITZRAE. XRDYL R, FEENC-Cu IREEIMIIN, APk
BN, RUFENC-CU™f7AE , PANISSHE F AT 7. FESEM /R AR L AN 5] I 4K
S HL TEMFEZ: T HRIRNC-Cu PANIZE #. FTIRYE JR A7 B8 i e rh Bom th AR it e 8%, TGA
UESE T Homdvdasg vk, fLangmuirflFreundlichZER 20T 5% T W FATLER,  SEB6-H FBE
IR A HA BT — 20k, NC-Cu? PANIK B 5 %58 [ 245,73 4218.27 X 10 S/em ',

W 5 v F4PANI (3.53 x 10 S/cm?),  HIL SR BEAENC-Cu2:+-5 PANIEL 4 (1)1 i 7 BRAEG. AT
5 HPANIEEY K B A B R MR AN & 22 [ B AR AL T LA

Introduction

Agricultural biomass has long been recognized as a valuable source of natural raw materials that may be
converted into a variety of value-added products (Gupta et al. 2022). Agricultural biomass includes all
organic materials such as leaves, straws, husks, hulls and shells, which are abundant, affordable, sustainable
and viable. These wastes have a lot of advantage as a raw material for making biochemicals and biofuels
without competing with human food supplies (Clauser et al. 2021). These materials have been presented as
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a potential answer to pollution and energy shortages. Numerous studies from across the world have been
documented the value of various forms of agro-waste for diverse purposes. Figure 1 illustrates several types
of agricultural wastes that can be utilized for value-added applications.

Nanocellulose fiber (NCF) are extracted from agricultural wastes through multi step treatment processes.
The benefits of cellulose nanoparticles known as nanocelluloses (NCs) with physiochemical features are
much better compared to cellulose (Trache et al. 2020). NC is renewable, abundant, chemically inert, posses
high mechanical strength, excellent stiffness and low density (Kose, Mavlan, and Youngblood 2020; Naz,
Ali, and Zia 2019; Phanthong et al. 2018). Moreover, NCs particles including nanocellulose crystal (NCC)
and NCF can be obtained from different agricultural biomass through different treatment methods (Pires,
Souza, and Fernando 2019). The research on fabrication of NCs particles comprising various features is
considered an exciting and open topic Table 1.

Acid hydrolysis is used to extract NCs from cellulose fibers (Trache et al. 2017). A typical extraction
technique begins with alkali pretreatment and bleaching, followed by defibrillation, which comprises acid
hydrolysis to eliminate the amorphous parts of cellulose fibers, resulting in short rod-shaped NCs with
increased crystallinity (Moberg et al. 2017). According to research, NCs have a rod-like shape and
a chemical made up of 100% cellulose, predominantly in crystalline sections, with a high specific surface
area of around 150 m>.g" (Kaboorani and Riedl 2015). NCs with these features have potential for various
applications (Kose, Mavlan, and Youngblood 2020; Vilarinho et al. 2017). Depending on the types of
biomasses and the extraction procedure, the critical characteristics such as crystallinity, dimension, surface
area, and surface shape may change (C. Liu et al. 2016). NCs with a higher crystallinity generally have better
mechanical and thermal characteristics (Yang et al. 2017). More recently, NCs — based materials have found
increasing industrial interest in biomedical applications, papermaking and in decontamination as
adsorbent.

NCs also have found many applications in decontamination and water treatment due to their
surface characteristics (Kose, Mavlan, and Youngblood 2020). They provide an environmentally
acceptable technique for treating wastewater effluent that comprises heavy metals, dyes, and salts
(Mahfoudhi & Boufi., Mahfoudhi and Boufi 2017). Due to the large surface area and porosity of NCs,
large cadmium adsorption (Cr®") and lead (Pb**) were recorded (Wang et al. 2013). Fan et al. (2019)

Figure 1. Types of agricultural Wastes.

Table 1. Chemical characteristics of CHFs.

Ref. Cellulose (%) Lignin (%) Hemicellulose (%) Pectin/Wax (%) Ash (%) Moisture content (%)
Zainudin et al. (2014) 32-43 40-45 0.15-0.25 - - -
Narendar and (Dasan 2014) 27.41 42.0 14.63 10.16 - -

Verma et al. (2013) 37 42 - - - -
Malkapuram, Kumar, and (Negi 2009) 36-43 41-45 10-20 3-4 - -

Barbosa et al. (2010) 434 48.3 4.0 - 3.5 10.2

Salleh et al. 39.3 49.2 2 - - 9.8
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Figure 2. Coconut layers and Constituents.

prepared NCs with high carboxylation content for removal of Cu** from wastewater. Oyewo et al.
(2019) reported highly efficient adsorption of cadmium (Cr®") and nickel (Ni**) using NCs from
sawdust. NCs surface chemistry can be enhanced by grafting ionic and cationic functional groups
such as sulfate (SO;), carboxyl (COO™), and amine (-NH,) to meet wastewater treatment needs
(Abouzeid et al. 2018).

Coconut husk fiber (CHF) is one of the most prevalent agricultural wastes and has been utilized for
a variety of applications among the available lignocellulosic biomass (Jain, Rastogi, and Chanana 2022;
Vakili et al. 2014). Defibrilation process of CHFs is simple and inexpensive. These flexible and strong fibers
have high mechanical strength and thermal conductivity with low density (Hu et al. 2018). The different
concentrations of lignin contain in CHFs influence the variable mechanical and physical properties and
make the fibers more durable. These components consist primarily of carboxyl, hydroxyl, and ether groups,
which make CHFs a useful adsorbent (Ho6fer 2015). Accordingly, CHFs are currently used by scientists and
industries to discover more convenient methods for utilization in different applications. Coconuts are
produced as a permanent crop in many regions of the world, particularly in tropical and sub-tropical
climates. As a result, it is available all year as a consistent year-round supply, allowing it to play a vital role in
economic growth (Haque, Akbar, and Kinnear 2020). According to report (Siakeng et al. 2019), 2 million
tons of fibers obtained from 40 million tons of CHFs, thus it serves as a good candidate to replace
conventional synthetic and natural fibers in composite materials. Figure 2 shows the coconut layer and
constituents while Table 1 tabulates the chemical characteristics of CHFs.

Despite all the research, studies on CHFs are still limited. This research is about potential applications of
CHFs for extraction of nanocelluloses (NCs) for further applications in adsorption of heavy metals for
environmental decontamination and synthesis of renewable materials-based energy devices. Adsorption has
been known as an attractive, simple, and inexpensive route for removal of heavy metals from wastewater
containing low concentration of pollutants (Vardhan, Kumar, and Panda 2019). A group of researchers has
critically evaluated the suitability of adsorption method in heavy metal removal and described adsorption as
an excellent operative method due to its easy operating procedure and low cost compared to other
approaches (Afroze and Sen 2018). The polymer composites containing polyaniline (PANI) are mostly
investigated for blending with commercial polymers to obtain improved processability and good mechan-
ical properties together with good conductivity for practical applications (C. Liu et al. 2016). However, the
electrical conductivity of the composite was not improved effectively; especially the composites became
more brittle due to addition of PANI (C. Liu et al. 2016). Cellulose fibers have been used to reinforce brittle
conducting polymers, such as polypyrrole (PPy), PANI and polythiophene (PTP) for energy storage
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Interaction

Nanoparticles
Figure 3. Diagram to illustrate the constituents of polymer nanocomposites.

applications (D. Y. Liu, Sui, and Bhattacharyya 2015). Figure 3 shows diagram illustrates the constituents of
polymer nanocomposite.

Conductive materials can be mixed with nanocellulose (NCs) to form a new composite that combines the
advantages of both components. Conductive materials include conductive polymers, conductive carbon
compounds (carbon nanotubes, graphene, carbon black, and so on), and metallic particles with variable
degrees of conductivity (Zhang et al. 2019). Nanocellulose is primarily utilized as a reinforcing component
in composites to increase their physical strength (Mondal 2018). Nanocellulose-based conductive polymers
combine the electrical capabilities of conductive polymers with the structural benefits of nanocellulose to
produce composites for a wide range of applications (Shi et al. 2015). Mechanical and chemical stability and
flexibility should be prioritized in the preparation of NCs-based conductive composites with the highest
level of electrical conductivity. These conductive polymer composites are mostly used for energy storage
(Dutta et al. 2017; Salado, Lanceros-Mendez, and Lizundia 2021; Shi et al. 2015) and electronic devices (Fei
et al. 2019). The typical manufacturing techniques for nanocellulose (NC)-based conductive composites are
depicted in Figure 4.

The process of developing effective adsorbents for pollutant removal has evolved significantly,
spanning from early studies focused on basic materials to the advanced, tailored adsorbent systems of
today. Historically, research began with traditional adsorbents such as activated carbon and zeolites,
which were widely used in industrial applications for their ability to remove heavy metals and organic
compounds from water and air. However, the need for more sustainable, efficient, and multifunctional
adsorbents has driven the development of newer materials. Recent studies have explored a variety of
adsorbent types, including biopolymer-based materials, nanomaterials, and composite adsorbents,
which offer superior surface areas, enhanced mechanical properties, and selective adsorption capabilities
(El Messaoudi, Miyah, Singh, et al. 2024). These innovations have significantly advanced the field,
allowing for more efficient removal of pollutants, such as toxic heavy metals, dyes, and pharmaceuticals
from wastewater, as well as applications in air purification and soil remediation (Ahamad and Nasar
2025; El Messaoudi, Miyah, Wan, et al. 2024). The present scope of research is heavily focused on
enhancing the functionalization of adsorbent materials through surface modifications, improving their
recyclability, and ensuring their environmental sustainability. Looking ahead, the future of adsorbent

N Il Nanocellulose based conductive
: Nanocellulose :
Conductive material composite membranes

Conductive polymer
(PANI, Ppyy, etc)

Film coating

In-situ polymerization |

Carbon materials
(CNTs, graphene, etc) —» Doping

— Co-precipitation
— Solvent exchange

Metallic particles

(silver, copper, gold, etc)

— —

Figure 4. Nanocellulose (NCs)-based conductive composite fabrication routes.
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technology lies in the development of smart adsorbents with tailored properties for specific pollutants,
as well as scaling up production for industrial applications (Khan, Ahamad, and Nasar 2025). As
industries continue to face growing challenges related to environmental pollution, these advanced
adsorbent materials, derived from sustainable sources and engineered for optimal performance, offer
promising solutions for addressing water, air, and soil pollution (Aasli et al. 2025; Ahamad and Nasar
2025). Therefore, this body of work not only reflects the progress made in adsorbent research but also
highlights the significant potential for future developments in the field, positioning adsorbents as
central components in environmental sustainability and industrial pollution control.

In this work, CHFs are explored as a sustainable and low-cost precursor for the extraction of NCs via
a sequence of chemical treatments, namely alkaline treatment, bleaching, and acid hydrolysis. The novelty
of this study lies in the systematic linkage between NCs extraction from CHFs, detailed structural
characterization (chemical composition, XRD, FESEM, TEM, FTIR, TGA, AAS), and their subsequent
use in Cu(II) adsorption and nanocomposite conductivity testing. By investigating the effects of key
operating parameters — initial Cu(II) concentration, contact time, pH, and NC dosage - and analyzing
the adsorption kinetics to identify optimum conditions, this work provides an integrated framework that
connects green nanocellulose production from agricultural waste with its functional application in heavy
metal removal and conductive nanocomposite development.

Methodology
Materials

CHFs were collected from agricultural holdings in Sabak Bernam, Malaysia as well as from night market and
weekly market in Section 16, Bandar Baru Bangi. A total of 2 bags or 3 kg of samples were collected in this
study. These samples were completely dried before grinding into smaller pieces or sizes (0.3 mm). Reagent
grade chemicals used for pre-treatment, namely toluene, ethanol, sodium chlorite and pottasium hydroxide,
have been obtained from R&M Chemicals, United Kingdom. Sulfuric acid used in this experiment for the
extraction of nanocellulose was purchased from R&M Chemicals, United Kingdom. All analytical grade
solvents have been purchased from R&M Chemicals, United Kingdom. Analytical grade copper (II) nitrate
was obtained from R&M Chemicals, United Kingdom and was used for copper ion sources. ACS Reagent
grade concentrated nitric acid and sodium hydroxide were derived from Aldrich and used to adjust the pH
values of the samples. The pH buffer solutions have been obtained from Aldrich Chemical Company and
Chemlab Supply Co. All experimental work used distilled water from running distilled water at lab.

Preparation of nanocellulose from coconut husk fibers
Alkali pre-treatment of coconut husk fibers

CHFs were pre-treated before cellulose extraction took place. For alkali-treated CHFs, these fibers were
washed three times with tap water to remove debris, dust, and contaminants and dried at room temperature
for 48 h. It was then cut into small pieces and dried in a drying oven at 60°C for 48 h. Dry CHFs were then
immersed in 5 wt.% NaOH solution at a lab temperature of 25°C for 30 min, followed by washed 10 times
with fresh water to allow the absorbed alkali to leach from the fibers. These washed fibers were then
naturally dried for 24 h and then dried for 8 h at 50°C in the oven. Finally, the dried fibers were sealed in
a plastic bag prior to the composite manufacture to avoid contamination of atmospheric moisture. Dry
samples were ground using a grinder machine and the powder was obtained in size 0.3 mm. These samples
were then extracted with 2:1 v/v toluene ethanol for 6-8 h to remove wax and oils using the Soxhlet
apparatus and then dried in the oven at 60°C. The samples were stored in a polyethylene plastic bag and
placed at room temperature for further processing. The alkali treatment provides several advantages. Low
temperature/pressure performance led in efficient and cost-effective NCC extraction from waste materials.
However, careful process control is required to avoid undesired cellulose breakdown. Researchers are
paying close attention to CHFs, which are one of several renewable resources.
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Extraction of cellulose (MCC)

The method used in this study was adopted with a slight modification (Sun et al. 2004). Fifteen grams of
samples were placed in a 1.0 L beaker and 500 mL of sodium chlorite was added, in a water bath for 1 h at
70°C. These samples were delignified with 2% w/v sodium chlorite in the pH range of 3.5-4.0, adjusted
using 10% acetic acid. This process was repeated three times and washed thoroughly with distilled water and
filtration. It was then treated with 6% wt. aqueous dilution of potassium hydroxide for 24 h and subsequent
washed with water until pH 7, the procedure was repeated for the remaining samples. The resulting cellulose
was thoroughly washed with distilled water. The cellulose material obtained was filtered and dried in oven at
a temperature of 60°C for 1 h.

Extraction of nanocellulose (NCs)

The isolation of NCs was performed using the acid hydrolysis method following the work reported by
(Moran et al. 2008) with minor modifications. Briefly, the obtained CHFs (10 g) was hydrolyzed in 64% (w/
w) of sulfuric acid at a liquor ratio of 1:20 g/mL and 50°C for 45 min under vigorous and constant stirring.
Subsequently, the sample obtained was diluted by adding tenfold of cold distilled water and then centrifuged
at 10,000 rpm for 30 min. After discarding the supernatant, the sample was collected and washed
continuously with cold distilled water and then again centrifuged. The process of centrifuge was repeated
until the supernatant turned clear (6 cycles of centrifuging). The suspension collected was dialyzed against
distilled water for 5 days until the pH was constant (pH 5). The resulting suspension was finally ultrasonic
for 30 min and stored at 4°C for further use. NCs obtained were freeze dried at-50°C for 24 h and were
sealed for further use.

Preparation of NC/Copper (ii) nitrate (NCs-CU**)

Copper (II) nitrate solutions have been prepared from the stock solution to study their removal using NCs
using adsorption. The general method used for this study is described as follows;

0.5, 1.0, 2.0, 3.0 and 4.0 g of NCs were added to five different flasks each containing 100 ml of copper (II)
nitrate without any pH adjustment. The mixture of the Cu®" solution and NCs was stirred continuously in
a shaker at 70 rpm for 3 h. Separate samples for copper were taken at intervals of 10, 40, 80, 120 and 180 min.
After stirred, the suspension was centrifuged in the stop tube for 2 min at 2000 rpm and the metal solution
was then analyzed using the atomic adsorption spectrometer (AAS). The effect of several parameters on
adsorption, such as pH, concentrations, contact time and quantity of NCs was studied. The suspension pH
of one set of experiments was adjusted with NaOH and HNOj. The adsorption of copper on the walls of
glass flasks and centrifugal tubes, which was found to be negligible, was determined by the use of blank
experiments.

Effect of pH

The effect of pH on copper sorption on NCs was investigated at room temperature by varying the pH of
NCs-Cu®" suspension from 2.0 to 10. For this purpose, 0.30 g NCs sample was added to each 100 mL
volume of copper solution having an initial concentration of 100 mg/L at a constant adsorption time of
180 min.

Effect of adsorbent dosage

The dependence of copper sorption on the concentration of NCs was studied at room temperature and fixed
pH values (pH 6) by varying the sorbent amount from 0.5 g to 4.0 g while keeping the volume (100 ml) of
the metal solution constant.
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Effect on initial concentration of copper (ll) nitrate and contact time

A sample of 0.5 g of NCs was added to each 100 mL of copper solution. The initial concentrations for copper
(II) nitrate tested were 20, 40, 60, 80 and 100 mg/L.

Adsorption isotherm

The adsorption isotherms for Cu*? on NCs were investigated at pH 6.0 and 25°C. Sample of 8 g/L of NCs
were added in centrifuge tube and mixed with 25 mL Cu*? with the initial concentration’s levels of 0, 5, 10,
25, 50, 100, 200 and 400 mg/L. The 1 mol/L KNO; solutions were applied to adjust the ionic strength to 0.1
mol/L, and the centrifuge tubes were shaken at 120 rpm for 12 h. The adsorption isotherms were simulated
using the Langmuir and Freundlich models.

Langmuir adsorption isotherm model was usually adopted for homogenous adsorption for monolayer
adsorption process. Linear form of Langmuir model was expressed by:

C_ 1,6 (1)
ge Qb Qo
where C, is equilibrium constant of Cu** q. (mg/l), is the amount of Cu”" adsorbed at equilibrium (mg/g),
Qo is the Langmuir constant related to adsorption capacity (1/mg).

The Langmuir model describes quantitatively the formation of a monolayer adsorbate on the outer
surface of the adsorbent; thus, no further adsorption takes place (Lani et al. 2014). It represents the
adsorbate uptake that occurs on a homogeneous monolayer with no interaction between the adsorbed ions.

The characteristic of Langmuir model best described by separation factor or equilibrium parameters Ry;
where C, is the initial Cu** concentration, mg/l. The value of separation factor indicated the nature of
adsorption process as given in Table 2.

The Freundlich adsorption model is one model in describing sorption related to heterogeneous system. It
is known to be satisfactory empirical isotherm that can be used for non-ideal sorption for the said system.
The empirical equation can be expressed in its logarithmic form:

1
qe = Kg —l—;ln Ce (2)

where g, is the amount adsorbed (mg/g), C. is the equilibrium concentration of the adsorbate (Cu*") (mg/1),
Kr and n are Freundlich constant. Value of n will give indication of how favorable the adsorption process is.

The Freundlich adsorption model is one model in describing sorption related to heterogeneous systems.
It is known to be satisfactory empirical isotherm that can be used for non-ideal sorption for heterogeneous
system.

Adsorption mechanism

Kinetic experiment was conducted with 8 g/L NCs samples and 25 mL metal solution with the predeter-
mined concentrations of 100 mg/L. The mixtures were shaken continuously at 25°C and the rate of 125 rpm
with the solution pH 6.0. The samples were taken at intervals and immediately centrifuged and filtered. The
equilibration times were set from 5 min to 180 min. The adsorption behaviors and adsorption kinetics of
NCs were investigated.

The adsorption of solute in an aqueous solution is a process with often complex kinetics. The adsorption
rate is strongly influence by several parameters. To study the adsorption of Cu** on NCs, kinetic adsorption

Table 2. Separation factor, R;.

R, Value Nature of adsoprtion process
RL>1 Unfavourable

RL=1 Linear

0<RL<1 Favorable

R =0 Irreversible
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data obtained were fitted into two different kinetic models. First, experimental data were fitted with pseudo-
first-order kinetic model:

dar _
dt

The first order-rate constant k; can be obtained from the slope of the plot log (g.-g;) vs. time. Kinetic data
were further fitted with pseudo-second-order kinetic model:

ki(q. — q) (3)

— =ki(q.—q)° (4)

where k; is the equilibrium rate constant of pseudo-second-order adsorption (g/mg min). Equation for the
boundary conditions t=0to t =t and gt = 0 to gt = qt and rearrangement give the following linear form:

t 1 +1
a4 kg’ qe

(5)

The slope and intercept of the plot #/qt versus t were used to calculate the second order rate constant, k.

PANI/Nanocellulose/Metal ions (NC-Cu?*PANI)

Various amounts of aniline have been dissolved in 1 M hydrochloric acid (HCl) in an ice bath. In a separate
conical flask, NCs-Cu** was dispersed in deionized water (DIW) and stirred moderately until the mixture
became homogeneous. 0.2 g HCl/aniline solution and 0.44 g ammonium persulfate (APS) were dissolved in
distilled water. HCl/aniline solution was added to NCs-Cu** aqueous suspension (0.5 wt%) followed by
a dropwise addition of APS. The weight ratio for HCl/aniline solution and nanocellulose is 1:9, 2:8 and 3:7.
The mixture was kept stirred at room temperature for 24 h and then diluted and washed with deionized
water. The green emeraldine polyaniline nanocomposite (NCs-Cu”**PANI) precipitate was filtered out and
washed with distilled water at least 3 times under centrifugation until the supernatant was clear. The
mixture was applied directly to the petri dishes. The precipitate was dried in the oven at 60°C for 6 h. PANI
was prepared under the same condition for the purpose of comparison.

Results and discussion

The chemical composition of CHFs at various stages of processing is shown in Table 3. According to
Table 3, the original CHFs contained 53.98% cellulose, 30.14% lignin, 7.52% hemicellulose, 0.98% ash, and
2.35% extract. When treated with a NaClO, solution, the cellulose content in CHFs increased by 28.35% and
lignin decreased by 29.87%. After the third bleaching, a significant amount of lignin was obtained with
a cycle time of 1 h. Using NaClO, initially is an excellent choice for lignin removal since natural fibers can be
viewed as a composition of cellulosic fibers trapped in lignin as a binder in a hemicellulose matrix
(Phanthong et al. 2018). As a result, the hemicellulose is easier to be removed after removing the lignin.
Alkaline treatment led to a significant decrease in the content of hemicellulose in the fibers from 7.52% to
3.78%. The bleaching treatment dissolved the lignin, while the remaining hemicellulose and lignin fibers
dissolved in the dilute alkali treatment, which makes the lignin more susceptible to hydrolysis. In addition,
as shown in Table 3, from the CHFs, most of the lignin and hemicellulose were removed by chemical
treatment. The amount of lignin decreased from 30.14% to 0.27%, and the amount of hemicellulose
decreased from 7.52% % to 3.78%, and the amount of cellulose increased from 53.98% to 82.33%.

Table 3. Chemical composition of coconut husk fiber.

Chemical composition (%) Chemical composition (%)
Coconut husk fiber content (Before treatment) (After treatment)
Cellulose 53.98 82.33
Hemicellulose 7.52 3.78
Lignin 30.14 0.27
Extractives 235 N/A

Ash 0.98 N/A
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Figure 5. X-Ray diffractogram of NCs, NC-Cu®* and NC-Cu**PANI.

X-Ray diffraction (XRD)

To study the crystallinity of the synthesized materials, XRD pattern was performed as shown in Figure 5. Figure 5
shows the X-ray diffraction (XRD) measurements of NCs, NC-Cu®* and NC-Cu**PANI obtained under different
conditions which is acid hydrolysis of NCs, batch adsorption of NC-Cu** and in-situ polymerization of NC-Cu**
PANI respectively and Figure 6 shows the chemical structure of NCs, NC-Cu®" and NC-Cu**PANIL.

XRD pattern of NCs, NC-Cu*" and NC-Cu”*PANI are shown in Figure 5. Each sample showed three distinct
peaks of cellulose at 20 values of 16.4°, 22.73° and 35.07°. These three peaks with the major intensified peak at 26 =
22.8° are characteristic to the NCs, attributed to crystallographic planes 110, 200 and 004, respectively (Rashid and
Dutta 2020). Removal of non-cellulosic components during extraction process can cause shifting of XRD peaks
(Monte et al. 2018). The Van der Waals forces and hydrogen bonds that act in the crystalline zones of the cellulose
provide high resistance to acid attack, while the amorphous regions are disordered and prone to sulfuric acid
hydrolysis (Collazo-Bigliardi, Ortega-Toro, and Boix 2018). Thus, the sulfuric acid treatment removes the
cellulose fibers of the amorphous zones and reduces the fiber size to nanometric scale (Chieng et al. 2017). In
this study, no such shifting was observed which indicates that lignin and hemicellulose did not cause any
hindrance in the native crystalline form of cellulose in the husk samples.

The XRD pattern of NC-Cu** (Figure 5) shows the characteristic peaks of Cu®* confirms the presence of
Cu®" in the composite. However, the XRD patterns of NC-Cu**PANI composites exhibit the characteristic
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Figure 6. Molecular structure of NCs, NC-Cu** and NC-Cu**PANI.
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peak of PANT along with the crystalline peaks of NC-Cu**, owing to the systematic alignment of polymer
chain (Sangamesha, Pushpalatha, and Shekar 2014). This could be because of the amorphous PANT and the
association of NCs and Cu”*. The increase in ordering of polymer composite with the addition of NC-Cu**
nanoparticles indicates that the structure of PANI is strongly influenced by the molar concentration of
nanoparticles. This implies that the molecular chain of synthesized PANI composite is in a highly ordered
state in the presence of NC-Cu®".

The increase in degree of regularity in arrangement or ordering of polymer chain is due to the strong
interfacial interaction between the polymer and nanoparticles (Ramesan 2014). Hence, the orientation of
conducting polymer nanocomposites is of much interest, because more highly ordered polymer matrix
could display a conductive property such as metallic state.

Field emission scanning electron microscopy (FESEM)

Figure 7 shows FESEM micrographs of NCs, NC-Cu**, and NC-Cu**PANI and Figure 8 shows FESEM-
EDX image of NC-Cu**PANL.

It can be observed from FE-SEM micrograph Figure 7(a, b, ¢) that surface of NCs showed irregularities and
after adsorption Figure 7(d, e, f) there were clusters or agglomerations of copper on the nano-adsorbent
(nanocellulose synthesized from coconut husk fiber) surface confirming the adsorption of copper. NC-Cu**
showed a bulky, granular, and dense structure Figure 7(d, e, f) but a remarkable change from bulky and shapeless
structure to granular like structure was observed upon addition of PANI to the structure Figure 7(g, h, i), proving
the polymerization of aniline on the cellulose surface. The features of the NC-Cu”* composite changed slightly to
a granular like structure on further addition of PANI whereupon the fibers become less agglomerated. The proper
mixing of NC-Cu** and PANI combines the nanostructure advantage of biopolymer and the electrical properties
of PANI explaining the higher anodic current obtained for the composite. The significant change in the
morphology of nanocomposite (NC-Cu”"PANI) reveals the homogenous nano dispersion in the PANT matrix
and this morphology clearly noticed that their average diameter of structure is about 70-100 nm. These changes in
the structure may confirm the effect of nano in the polymer matrix.

200nm 200nm

Tum

Sum Sum

Figure 7. FESEM micrographs of NC (a,b,c), NC-Cu®*(d,e,f), NC-Cu®*PANI (g,h,i).
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Figure 9. TEM images of NCs, NC-Cu?* and NC-Cu?*PANI.

Transmission electron microscopy (TEM)

Figure 9 depicts TEM micrographs of NCs, NC-Cu** and NC-Cu**PANI prepared under various condi-
tions which is acid hydrolysis, batch adsorption and in-situ polymerization respectively.

From Figure 9(a, b, ¢) the NCs exhibited rod-like structure, at 10-20 nm in width and 100-350 nm in
length, which is the typical measurements found in nanocellulose. When acid hydrolysis takes place,
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Figure 10. FTIR of NCs.

amorphous portions of the long chain cellulose are preferably hydrolyzed, while the crystalline regions
having higher resistance to acid attack, hence producing rod-like particles, NCs in nanoscale region (Khoo,
Ismail, and Chow 2016). Based on these findings, acid hydrolysis can effectively reduce a large amount of
fiber sizes (from micron-size to nano-size), which agrees with previous findings by other authors (Septevani
et al. 2020; Song et al. 2018). On top of that, the cellulose rods were agglomerated in some places while in
some other regions they are separated. The analysis of the TEM micrograph revealed that the aqueous
suspension of nanocellulose fiber consists of rodlike nanoparticles, whereby there were some nanoparticles
agglomerated in the forms of bundles while some of them were well separated. The agglomeration is
generally due to the Van der Waals attraction forces between nanoparticles (Phanthong et al. 2018).

The TEM image of NC-Cu**PANI morphology shows that more portions appear thick and dark cloudy
region represents the amorphous nature as shown in Figure 9(g, h, i). The image shows thick dark region
due to copper nano particles agglomerated in a PANI rod-like structure as shown in Figure 9(g, h and i), and
the increased magnitude dispersion of NC-Cu®" on the PANI matrix is as shown in figure. It is observed
from Figure 9(g, h, and i) that rod-like NC-Cu**PANI are about 50-300 nm in length and about 4-15 nm in
width. The thick dark region embedded on surface of white background which indicates there is a presence
of a greater number of copper metal ions (Ashokkumar et al. 2020).

Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of the NCs, NC-Cu** and NC-Cu”*PANI nanocomposites are shown in Figures 10-12
respectively.

For the determination of functional groups, FTIR spectra were shown in Figures 10-12. According to
Figure 10, the synthesized NCs showed the bands at the peaks at 3317 cm ™', 2891 cm™’, and 1610 cm ™" that
are attributed to the stretching vibrations of OH, C-H, and C-O, respectively. The IR spectra of NC-Cu** in
Figure 11 shows the broad peak at 3336 cm™' and weak peak at 1641 cm™'. These are assigned to the
stretching and bending vibrations of hydroxyl groups besides the metal oxide nanoparticles.

NC-Cu**PANI shows the characteristic absorption peak of OH at 3336 cm™', and the CH stretching
vibration is observed at 2897 cm™" as can see based on Figure 12. The absorption peaks at 1639 and 1539
cm™ are assigned to the bending vibration of C-O and CH, stretching, respectively. The in-situ polymer-
ization of NC-Cu”" with PANI slightly affects the shift of the absorption peak. The composite shows new
absorption peaks at 1321 cm™, and these bands are attributed to the presence of NC-Cu®* in the PANI
matrix. The shift in wave number of the composite is due to the interfacial interactions between the
nanoparticles and the PANI matrix. Thus, we can conclude that monomer molecules are uniformly
adsorbed on the surface of NC-Cu®* nanoparticles.



JOURNAL OF NATURAL FIBERS 13

100

90
CH, stretch
80 1537.27

70 //

23358
C-H stretch

60

50

40

1641.42
N N C-O stretch

O-H stretch
3336.85

Transmittance (%)

30

3700 3200 2700 2200 1700 1200
Wavenumber cm!

Figure 11. FT-IR of NC-Cu**.
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Thermogravimetric analysis (TGA)

The thermogravimetric curves of NCs, NC-Cu** and NC-Cu®*PANT are illustrated in Figure 13.

Based on Figure 13, it shows that three consecutive steps of weight loss are obtained for NCs,
NC-Cu** and NC-Cu*"PANI. The first slight weight loss of all materials results from the water
evaporation at around 100°C and is related to the loss of free, adsorbed and interlayer water. The
middle weight loss between 200°C and 320°C is associated with the removal of unreacted mono-
mers and oligomers. The final weight loss from 430°C is assigned to the decomposition of the
polymer backbone. According to Figure 13, NCs, NC-Cu®* and NC-Cu**PANI showed same weight
loss when the temperature raised to 100°C due to the evaporation of water content. However, the
NC-Cu**PANI nanocomposite showed significant weight loss of when the temperature raised to
200°C due to the evaporation of water residues. At 225°C, there was a sharp weight loss resulting
from thermal decomposition of the pyrolysis of NC-Cu?**PANI. When the temperature was raised
to 350°C, NC-Cu®*PANI showed a small weight loss due to the decomposition of organic matter of
the nanocomposite (NC-Cu®* and polyaniline). This indicates that the metal oxide nanoparticles
impart better thermal resistance to PANI, and this is mainly attributed to the enhanced interfacial
interaction between nanoparticles and the PANI. There is also a clear relation between the



14 N. A. ABDULLAH ET AL.

120 .
i 3 —— NCs
— : i NC-Cu?*
o | \\\\\h_} ! NC-Cu?*PANI
80 i !
g e e z
E 60 i i :
s : | :
5} | ! i
= | !
40 i E\ g
| i S T————
20 | =. |
0 : E
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 13. Thermogravimetric analysis (TGA) of NCs, NC-Cu®* and NC-Cu®*PANI.

morphologies and the thermal properties of composite. Subsequently, the decomposition of organic
matter was started above 225°C and completed at 700°C. The TGA results indicated the high
thermal stability of the synthesized NC-Cu®>*PANI nanocomposite. We can conclude that the
combination between NCs and Cu®* enhances the composite thermal stability.

Batch adsorption technique
Initial concentration

Figure 14 depicts the effect on concentration of Cu**" Keeping the amount of NCs (0.5 g) and constant

rotation (70 rpm), the effect of changes in the initial concentration of metal ions on the amount of adsorbent
was studied.

The adsorbed ions decreased with an increase in the concentration of the Cu’" used. The
adsorbent for the metal ions in solution is high at low ion concentrations, so metal ions interact
with the adsorbent and were removed from the solution. The concentration gradient is stronger at

high concentrations and the amount of equilibrium adsorption, g, (mg/l), is low (Madivoli et al.
2016).

80
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0 20 40 60 80 100 120
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Figure 14. Effect on concentration of Cu®*.
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The effect of the initial concentration factor depends on the immediate relationship between the
concentration and the available binding sites on the adsorbent surface. Generally, the percentage of removal
decreases with an increase in the initial concentration, which may be due to saturation of adsorption sites on
the adsorbent surface and increased adsorption capacity with an increase in the copper concentration
(Banerjee et al. 2012). At low concentrations, active sites on the adsorbent surface will be unoccupied and
when the initial concentration increases, the active sites required for molecular adsorption will not be
available (Pathania, Sharma, and Singh 2017). In addition, the percentage of adsorption decreased with an
increase in the initial concentration and increased as the contact time lasted. However, the increase in the
initial concentration caused an increase in the loading capacity of the adsorbent and this may be due to the
high driving force of the mass at a high initial concentration (BH B. Hameed, Krishni, and Sata 2009). In
other words, higher in metal concentrations, the residual concentration of molecules will be higher. In the
case of lower concentrations, the ratio of the initial number of molecules to the available adsorption sites is
low and the fractional adsorption is subsequently independent of the initial concentration (Etim, Umoren,
and Eduok 2016).

The percentage of removal is highly dependent on the initial concentration. The effect of the initial
concentration factor depends on the immediate relationship between the concentration and the avail-
able binding sites on the adsorbent surface. Generally, the percentage of removal decreases with an
increase in the initial concentration, which may be due to saturation of adsorption sites on the
adsorbent surface and increased adsorption capacity with an increase in the initial copper concentration
M. A. M. Salleh et al. (2011). At low concentrations, active sites on the adsorbent surface will be
unoccupied and when the initial concentration increases, the active sites required for molecular
adsorption will not be available (Pathania, Sharma, and Singh 2017). In addition, the percentage of
adsorption decreased with an increase in the initial concentration and increased as the contact time
lasted (Yu et al. 2000). However, the increase in the initial concentration caused an increase in the
loading capacity of the adsorbent and this may be due to the high driving force of the mass at a high
initial concentration (BH B. Hameed, Krishni, and Sata 2009). In other words, for higher initial metal
concentrations, the residual concentration of molecules will be higher. In the case of lower concentra-
tions, the ratio of the initial number of molecules to the available adsorption sites is low and the
fractional adsorption is subsequently independent of the initial concentration (Etim, Umoren, and
Eduok 2016).

Contact time

Figure 15 reveals the percentage removal of Cu** based on the contact time. The effect of contact time on
Cu®" adsorption was investigated at 0.5 g and 20 ppm for a fixed dose of NCs and initial concentration of
Cu’*, respectively. Figure 15 describes the percentage of Cu** removed over the course of 3 hours.

From Figure 15, the equilibrium is attained after approximately 120 min. From the figure also, the Cu**
was rapidly adsorbed in the first 10 min for adsorbent with lower impregnation ratio and then the
100
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Figure 15. Effect of contact time.
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adsorption rate increases gradually and reached equilibrium in after 110 min. At the beginning, the surface
area of NCs has not yet occupied. The Cu®* was adsorbed by the exterior surface of the NCs. At the
beginning, the rate of adsorption was fast initially. Once the exterior surface occupied by the dye ions and
saturated, the Cu*"entered the pores of the adsorbent particles and was adsorbed by the interior surface of
the particle. This phenomenon takes a relatively long contact time until the interior surface is also saturated
and causes an equilibrium rate attained in the adsorption (Yashim and Marjohan 2006). Kadirvelu, Faur-
Brasquet, and Cloirec (2000) suggested that by giving sufficient time of contact will allow color particles to
penetrate the pores of carbon completely and fully saturates the active surfaces. This feature can be
attributed to the high surface area of the sample and the large number of active functional groups for the
complexation of metal ions, which are readily available to metal ions. As time passes, the adsorption centers
gradually fill up and the intracellular ions penetrate through the adsorbed ions and become more difficult to
bond to the vacancies (X. Chen et al. 2021).

pH

Figure 16 illustrates the percentage removal of Cu®* on different pH value (2-10).

Since the ionization constants of the various hydroxyl groups are reported to be in the pH range 3-4, the
biosorption of metal ions reversibly increases as the pH of the solution increases and the surface of the bio
sorbent acquires a more negative charge due to the ionization of hydroxyl groups. Several researchers have
also investigated the effect of pH on the biosorption of heavy metals using various bio sorbents (Abdi and
Kazemi 2015). The biosorption of Cu®* has been found to be in the range 6 in this research.

In acidic pH range (2-6), positively charged active surface on the activated carbon increases and thus
attracts the negatively charged functional groups on the reactive Cu®", leading to maximum uptake within
this range. As the pH of the solution increases, the number of negatively charged surfaces increases and
competes with the positively charged surfaces sites.

Adsorbent dosage

The effect of the adsorbent dosage on adsorption of Cu** was tested at five different dosages: 0.5¢,1g,2 g, 3
g and 4 g as described in Figure 17. Figure 17 represents the percentage of copper ions that were removed as
the amount of adsorbent increased.

The amount of adsorbent is an important parameter that determines the adsorption capacity of the
adsorbent for a given initial concentration. Increasing the amount of adsorbent due to the very high surface
area of the sample increases the number of active sites for the complexation of metal ions and increases the
adsorption process (Soliman and Moustafa 2020). Based on Figure 17, it can be said that the adsorption rate
initially increases with increasing adsorbent dosage and then decreases. The increase in adsorption
efficiency by increasing the amount of adsorbent can be attributed to the amine groups at the adsorbent
surface which react with Cu** due to the complexation mechanism and play a very important role in their
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Figure 16. Effect on pH.
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Figure 18. Langmuir Isotherm of adsorption of Cu®* onto absorbent.

removal from aqueous solution (S. Chen et al. 2010). As the adsorbent increases further, the adsorption
capacity decreases. The decrease in adsorption capacity of Cu>* by increasing the amount of adsorbent is
due to the increased interference between the bonding sites at higher amounts of adsorbent or the inability
of metal ions in solution relative to the bonding sites (Alipour et al. 2020).

Adsorption isotherm

This section will discuss on the adsorption isotherm involved in the adsorption of Cu** on the NCs.
Adsorption isotherms describe the existence of adsorbate between the liquid and solid phase. Position of
equilibrium is determined by the distribution ratio of the solute between the liquid and the solid phase.

Langmuir isotherm

The interaction between the adsorbent surface and toxic particles can be well-interpreted by the study of the
adsorption isotherms. The two isotherms’ models Freundlich and Langmuir were used to study the
experimental data of Cu** removal on the surface of NCs. It is well-known that Freundlich isotherm
suggests the exponential distribution of the adsorption sites as well as the heterogeneous properties of the
surface while the Langmuir isotherm suggests the presence of finite amount of identical adsorption sites on
the surface of adsorbent as well as the formation of monolayer of adsorbates (Ituen, Akaranta, and James
2017). The fitting of experimental data of Langmuir and Freundlich isotherm models are shown in Figures
18 and 19 and their parameters were tabulated in Tables 4 and 5.

The linear plots of C,/q. vs. Ce showed that the adsorption obeys Langmuir isotherm. The values of K,
and Ry were determined for Cu®" adsorption from intercept and slopes of the linear plots of Langmuir
isotherm respectively.

Table 4 shows the good fit of the experimental data and the correlation coefficient (R*) higher than 0.89
indicates the applicability of the Langmuir isotherm model (Tan, Ahmad, and Hameed 2008). Ry, values for
Cu®* adsorption is shown in Table 4, and it was found that value of Ry is observed to be in the range 0-1,
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Figure 19. Freundlich Isotherm of adsorption of Cu®* onto adsorbent.

Table 4. Langmuir isotherm adsorption constant for Cu®*.
Langmuir isotherm

gmax(mg/g) K. R R?
79.491 0.0283 0.6384 0.9996

Table 5. Freundlich isotherm constant
for Cu®*.

Freundlich isotherm

1/n Ke R?
0.53009 3.3891 0.9559

indicating that the adsorption process is favorable using NCC. The Ry value of Cu*? is 0.6384, accordingly,
adsorption of Cu*? is appropriately modeled with Langmuir isotherm.

Freundlich isotherm

Figure 19 shows a straight line with a slope of 1/n and intercept of In (Kg) when In (q.) is plotted against In
(Co)

Correlation coefficient (R?) calculated from Freundlich isotherm for adsorbent is above 0.9559 (Table 5).

From the value of slope and intercept of the Freundlich isotherm, value of 1/n ranging between 0
and 1 indicates the surface heterogeneity (B. H. Hameed, Ahmad, and Latiff 2007). Decreasing
impregnation ratio, the value of 1/n gets closer to zero which indicates that the surface becomes
more heterogeneous with decreasing impregnation ratio (B. H. Hameed, Ahmad, and Latiff 2007).
The correlation coefficients R (0.9996 and 0.9559 for Langmuir and Freundlich, respectively) revealed
good agreement between experimental data and theoretical models. The Langmuir isotherm, however,
fits better with the experimental data compared to Freundlich isotherm as the correlation coefficient
(R) is much higher. All the constant for both isotherms correlated suggest that Cu*" favorably
adsorbed by NCs.

Adsorption kinetics

The plot for Pseudo-first order and Pseudo-second order were illustrated in Figures 20 and 21. The
coefficient of correlation for the kinetics model for Pseudo-first order, Pseudo-second order and calculated
value of second-order rate constant and correlation coefficient were tabulated in Table 6.

From Table 6, value for calculated equilibrium adsorption capacity (ge calc.) for the pseudo-second-
order kinetic model is more consistent compared to first-order kinetic model.
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Figure 20. Pseudo-first-order kinetics for the adsorption of Cu®* onto adsorbent.
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Figure 21. Pseudo-second-order kinetics for the adsorption of Cu®* onto adsorbent.

Table 6. Comparison of the pseudo-first- and second-order adsorption rate constant and correlation coefficient.

Adsorbent ge (exp) First -order kinetic model Second- order kinetic model
(mg/g) ks de R? ky de R?
(calc.)(mg/q) (calc.)(mg/q)
4.4 -0.008 0.62 0.9092 0.32 23.6 0.9985

Table 7. Conductivity of the NC-Cu?*PANI
nanocomposites.

PANI/NCC-Cu ratio Conductivity Values (S/em™)
Pure PANI 3.53
1:9 8.27
2:8 7.31
3.7 573

The correlation coefficient (R?) for pseudo-second-order adsorption model has higher value compared to
first-order adsorption model, suggesting that the pseudo-second-order adsorption mechanism is more
dominant and overall rate of Cu** adsorption is controlled by chemisorption process (B. H. Hameed,
Ahmad, and Latiff 2007).

Conducting polymer composites of NC-Cu**PANI

Table 7 shows the conductivity of the NC-Cu**PANI nanocomposites. The conductivity of the nanocom-
posite can be considered to arise from macroscopic and microscopic factors. The conductivity can be
controlled by the composition and type of doping materials, processing conditions, conjugation length and
chain length. The conductivity of the nanocomposites (NC-Cu®"PANI) is higher than pure PANI and the
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Table 8. A comparative data on electrical and mechanical properties of nanocomposites based on the PANI and cellulose/
nanocellulose.

Technique of
Polymerization

Sample Name/electrode type of PANI Conductivity, S/cm™ Reference
CNCs/PANI composites In- situ polymerization controlled by 89%107 (Nepomuceno
open circuit potential adjustment et al. 2021)
Cellulose/polyphenylacetylene/PANI triple-  In -situ polymerization 6.5x107" (Yatsu and Goto
layered composite membrane 2021)
Cellulose paper coated with CNC/PANI Emulsion polymerization 5.64 S/m with 8 wt% coated paper (Huang et al.
composites 2021)
Cotton textiles/PANI nanocomposites In-situ polymerization - (Tissera et al.
2018)
Paper coated with NFC/Ag/PANI In -situ polymerization Maximum of 0.0167 S/m, when (K. Liu et al.
nanocomposite amount of coating was 25.2 g/m? 2018)
NCC/Cu®*/PANI In- situ polymerization 8.27x107" Current research

conductivity goes on decreasing as increase in wt.% of NC-Cu®" nanoparticles. As shown in Table 7, the
conductivity of the NC-Cu”*PANI nanocomposite is recorded in the range of 5.73-18.27 x 10 S/cm ™",
which is significantly higher than that of the pure PANT (3.53 x10 S/cm™ ") and the conductivity decreased
with increase of the NC-Cu*" -to-PANI ratio.

The decrease in conductivity is due to macroscopic contribution, which affects the density of the
nanocomposite. This is reflected as NC-Cu”" nanoparticles embedded in the PANI matrix act as particles
blockage of conducting path in the PANI-Chain. Hence, decrease in conductivity is observed as increase in
content of NC-Cu®* nanoparticles in PANI matrix. The in-situ polymerization of the aniline monomer on
the surface of metal oxide nanoparticles leads to the uniform distribution of nanoparticles in the PANI
matrix.

As shown in Table 7, the maximum conductivity is obtained for 1:9 ratio. The percolation threshold, i.e.,
the critical filler loading at this concentration of nanoparticle, is due to the strong interfacial interaction
between the PANI and the nanoparticles. The interfacial interactions would increase the orientation of
nanoparticles within the PANT and thereby improve the quality of the electrical network formation. It is
known that the electrical conductivity of a polymer composite depends on the interfacial polarization
between the nanoparticles, the polymer chain, and the uniform dispersion of nanoparticles (Ramesan et al.
2018). Table 8 shows a comparative data on electrical and mechanical properties of nanocomposites based
on the PANT and cellulose/nanocellulose.

Conclusion

This study demonstrates a green and straightforward route to synthesize a nanocellulose/Cu® * (NCs/Cu* *) -
polyaniline nanocomposite. Cellulose was first hydrolyzed with sulfuric acid to obtain nanocellulose, which
was subsequently functionalized with polyaniline via in-situ polymerization. Structural and physicochemical
characterization confirmed successful nanocomposite formation: XRD patterns indicated increased structural
ordering in the presence of NC - Cu® *; TEM images revealed rod-like NC - Cu® * -PANI structures with
copper ions distributed on the surface; FTIR spectra showed slight peak shifts associated with interaction
between NC - Cu® * and PANT; and TGA confirmed high thermal stability. Batch adsorption studies showed
excellent agreement between experimental data and isotherm models, with correlation coefficients of 0.9996
(Langmuir) and 0.9559 (Freundlich), and a better fit to the Langmuir model. The adsorption kinetics followed
a pseudo-second-order model, indicating chemisorption as the dominant mechanism. The NC - Cu® * ~PANI
nanocomposite exhibited significantly higher conductivity (5.73-18.27 x 10 S cm™ ') than pure PANI (3.53 x
10 S cm™ '), with conductivity decreasing as the NC - Cu® * :PANI ratio increased. Under optimal conditions
(pH 6.0, contact time ~120 min, initial Cu® * concentration 20 mg L~ '), the nanocomposite achieved
substantial removal of Cu® * ions. Overall, the developed adsorbent shows strong potential for wastewater
treatment applications and provides a versatile platform for further optimization and extension to other heavy
metal pollutants.
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