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Introduction

The increasing demand for sustainable polymeric materi-
als has intensified interest in cellulose‑based derivatives 
derived from renewable biomass. Eichhornia crassipes 
(water hyacinth) is a highly invasive aquatic plant, caus-
ing significant ecological and socioeconomic challenges 
in tropical regions, including Egypt, by depleting water 
resources, hindering navigation, and reducing biodiversity 
[1–3]. However, its rapid proliferation and high biomass 
yield present a unique opportunity for valorization as a 
renewable feedstock. Notably, water hyacinth stems con-
tain a high cellulose content (approximately 72%), making 
them a promising low-cost source for producing cellulose 
derivatives [4–6]. Carboxymethyl cellulose (CMC), an 
anionic water-soluble polysaccharide ether, is widely used 
in food, pharmaceuticals, textiles, and paper industries due 
to its biodegradability, non-toxicity, and functionality as a 
thickener, stabilizer, and film-forming agent [7, 8]. Recent 
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Abstract
This study presents an innovative method for extracting sodium carboxymethyl cellulose nanoparticles (Na-CMC NPs) 
from the lignocellulosic biomass of water hyacinth (Eichhornia crassipes). The process consists of two major stages: cel-
lulose extraction and Na-CMC synthesis, followed by nanoparticle precipitation. Structural analysis confirmed the success 
of the extraction process, with X-ray diffraction (XRD) revealing a semi-crystalline structure with a high degree of crys-
tallinity (81 ± 1) % and nanoparticle sizes (11–40) nm. Fourier-transform infrared (FTIR) and NMR spectroscopy verified 
the substitution pattern and molecular structure. Thermal gravimetric analysis (TGA) identified four distinct decomposi-
tion stages, indicating good thermal stability. For the first time, the dielectric properties of Na CMC NPs derived from 
water hyacinth were thoroughly investigated revealing a correlated barrier hopping (CBH) conduction mechanism with a 
relaxation activation energy of 0.12 ± 0.05 eV. Morphological characterization by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) confirmed the formation of nanoparticles with diameters ranging from (50–200) 
nm. The yield of Na-CMC NPs was 62 ± 3%, with a degree of substitution of 0.68. These findings highlight the potential of 
converting an invasive species into a functional biopolymer nanomaterial with tunable properties for potential applications 
in electronics, packaging, or as a sustainable polymer matrix. The work establishes a foundation for further exploration of 
Na-CMC NPs in specific industrial applications.
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advancements focus on Nano cellulose and its derivatives 
for high-value applications, including antimicrobial pack-
aging, wound dressings, and advanced composites [9–11]. 
Synthesizing CMC in nanoparticle form can enhance prop-
erties like surface area, reactivity, and dispersion, opening 
avenues in nanomedicine, controlled release, and nanocom-
posites [6, 12–15].

While the extraction of cellulose and synthesis of CMC 
from various biomass sources are well documented, the 
specific conversion of E. crassipes cellulose into well-char-
acterized Na-CMC nanoparticles, coupled with an in-depth 
analysis of their dielectric behavior, remains underexplored 
[13]. Most studies focus on chemical yield and basic char-
acterization, leaving a gap in understanding the fundamen-
tal electrical and polarization properties of this biopolymer, 
which are crucial for applications in sensors, energy storage, 
and electronic materials [12, 14].

Furthermore, although E. crassipes is known for phy-
toremediation and may contain absorbed metal ions, 
their impact on the structural and functional properties of 
derived CMC, especially at the nanoscale, is not well under-
stood. This study aims to address these gaps. The primary 
objectives are: (1) to develop and optimize a method for 
synthesizing Na-CMC NPs from E. crassipes; (2) to com-
prehensively characterize the structural, thermal, morpho-
logical, and compositional properties of the product; and (3) 
to investigate, for the first time, the dielectric and electrical 
conductivity mechanisms of this material. By transforming 
an environmental nuisance into a value-added nanomaterial 
and elucidating its inherent properties, this work contributes 
to sustainable biomass utilization and advances the funda-
mental knowledge of biopolymer physics.

Materials

Eichhornia crassipes Fresh specimens of (water hyacinth) 
were gathered from the banks of the Nile River and adjacent 
irrigation canals of Egypt. This plant serves as a sustain-
able and abundant raw material for the extraction of car-
boxymethyl cellulose. Sodium hydroxide (NaOH), glacial 
acetic acid (CH₃COOH), and toluene were obtained from 
El-Gomhoreya Co., Egypt, and were used for alkaline treat-
ment and purification. Ethanol, sodium chlorite (NaClO₂), 
isopropanol and acetone were obtained from “Qualikems 
Fine Chemicals Pvt. Ltd.” New Delhi, India. Monochloro-
acetic acid (ClCH₂COOH) was sourced from Piochem Co., 
Egypt, and is essential for the carboxymethylation process 
to achieve the intended chemical modification of cellulose.

Synthesis of Sodium Carboxymethyl Cellulose (Na-
CMC)

Stage 1: Cellulose Extraction from Water Hyacinth. Fresh 
stems were chopped (1–2 mm), washed with warm water, 
and dried at 65 °C for 3 h. Dewaxing was carried out using 
a 1:1 toluene/acetone mixture at 80  °C for 3 h. The solid 
residue was then treated with a 1 wt% NaClO₂ solution (pH 
3–4, adjusted with acetic acid) at 80 °C for 2 h to remove 
lignin. Subsequently, hemicellulose was removed by treat-
ment with 17.5 wt% NaOH at 80 °C for 2 h. The resulting 
cellulose was washed with distilled water until neutral pH 
and dried [16]. The cellulose extraction yield was calculated 
as 58 ± 2% relative to the dry mass of the initial stems.

Stage 2: Carboxymethylation and Nanoparticle For-
mation. The extracted cellulose (5.0  g) was suspended in 
50 mL of a 50:50 ethanol/isopropanol mixture. Alkalization 
was performed by adding 6.25 g of NaOH (in 12.5 mL of 
H2O, corresponding to a 25% w/v solution) dropwise under 
vigorous stirring at room temperature for 1 h. Carboxymeth-
ylation was initiated by adding 7.5 g of monochloroacetic 
acid dissolved in 15 mL isopropanol. The reaction mixture 
was heated to 65 °C and maintained for 3 h with continu-
ous stirring. The crude Na-CMC was neutralized with gla-
cial acetic acid, filtered, and washed sequentially with 80% 
and 96% ethanol to remove by-products. The purified Na-
CMC was dried at 60 °C. The Na-CMC synthesis yield was 
62 ± 3% relative to the mass of extracted cellulose [17].

Nanoparticle Preparation: The bulk Na-CMC was con-
verted to nanoparticles via a nanoprecipitation method. A 
0.5% (w/v) aqueous solution of Na-CMC was prepared 
under stirring. This solution was then added dropwise 
(1  mL/min) into a ten-fold excess of ethanol under high-
speed homogenization (10,000 rpm for 15 min). The result-
ing nanoparticle suspension was collected by centrifugation 
(12,000 rpm, 20 min), washed with ethanol, and lyophilized 
to obtain Na-CMC NPs. samples are then purified and neu-
tralized using 96% ethanol as shown in Scheme 1. Finally, 
the Na-CMC nanoparticles hydrogel was crosslinked using 
gamma rays of at a dose rate of 0.718 kGy/h.

Experimental Techniques

The infrared (IR) absorption spectrum spanning the range 
of 4000–400 cm−1 was recorded using an FTIR 4100 spec-
trometer (Jasco-Japan) at the Microanalysis Center of the 
University of Cairo. Nuclear Magnetic Resonance (NMR) 
spectra were obtained utilizing a Varian Mercury VX-300 
NMR Spectrometer, with 1H spectra conducted at 300 MHz 
in deuterated chloroform (CDCI3) or deuterated dimethyl-
sulphoxide (DMSO-d₆). Chemical shifts are expressed in 
δ (ppm) and referenced to the solvents employed. Surface 
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morphology was examined using a high-resolution scanning 
electron microscope (SEM) (HR-SEM; ZEISS EVO 15, 
UK). Prior to imaging, the samples were coated with a thin 
layer of gold using spray deposition. The elemental com-
position was analyzed using energy-dispersive X-ray spec-
troscopy (EDAX) with an EDAX detector integrated with 
the ZEISS EVO 15 scanning electron microscope (UK). 
Particle size and size distribution were analyzed by trans-
mission electron microscopy (TEM; JEOL JSM-100CX, 
Japan) operated at an accelerating voltage of 80 kV. X-ray 
diffraction: XRD patterns was recorded using a Shimadzu 
diffractometer (Tokyo, Japan), XRD-6000 X-ray diffraction 
spectrometer with a copper target (λ = 1.542 Å), at an oper-
ating voltage of 40 kV and an electric current of 30 mA. The 
XRD patterns were systematically obtained within 2θ = (10–
80)° angular range, with a scanning rate of four steps per 
minute. Differential Scanning Calorimetry (DSC) measure-
ments were conducted using a Q20P system, capable of pro-
viding precise heat flow measurements for materials over 
a temperature range of 232 ± 2 K to 412 ± 2 K, with a heat-
ing rate of 5  °C/min. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was performed with a 
Shimadzu TGA-50 framework (Kyoto, Japan) in the tem-
perature range 0 °C to 1000 °C at a heating rate of 10 °C/
min, accompanied by a steady flow of dry nitrogen gas at a 
rate of 50 ml/min. Calibration of the system was achieved 
utilizing the phase transition at the melting point of indium, 
precisely at 429.9 K. A powdered sample weighing 2.45 mg 
was utilized. Impedance spectroscopic measurements were 

executed using a computer-controlled lock-in amplifier 
(model SR 830) within a nitrogen atmosphere. The samples 
were prepared in the form of compressed pellets, measur-
ing 10 mm in diameter and 1.0 mm in thickness, and were 
coated with silver paste to ensure optimal electrical contact. 
Temperature monitoring was accomplished using a copper-
constantan thermocouple, with specific control maintained 
between 298 and 413 K, exhibiting a stability of ± 0.5 K. The 
measurements were conducted across a frequency range of 
12 Hz to 65 kHz, under an applied potential of 1 V.

Gamma irradiation was performed using a cobalt-60 
source at the Canadian Gamma Cell located at the National 
Center for Radiation Research and Technology (NCRRT), 
Cairo, Egypt. Irradiation was carried out at 10 kGy with a 
dose rate of 0.7 kGy/h. Water absorption measurement: The 
dried sample was weighed and then soaked in water for 24 h 
to reach absorption equilibrium. The swollen hydrogel was 
periodically taken out of the water and any surface moisture 
was blotted off using filter paper. The degree of swelling, 
defined by grams of water per gram of dry polymer (g/g), 
was determined by the following equation [18]:

Water absorbency
(

g wet
g dry

)
=

(
Wt − W0

W0

)

where Wt is the weight of the swollen gel at time t (g), and 
Wo is the initial dry weight of the gel (g).

Scheme 1  Schematic diagram of Na-CMC NPs synthesis from water hyacinth
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typical reflections of cellulose I, confirming the semicrystal-
line nature of native cellulose. These peaks are consistent 
with well-established literature on lignocellulosic biomass. 
In addition to these reflections, the raw sample shows broad 
diffraction features, indicating the presence of amorphous 
components such as lignin and hemicellulose [19]. The 
removal of these amorphous constituents during chemical 
treatment leads to structural modification of cellulose. The 
XRD pattern of the synthesized Na-CMC nanoparticles 
(Na-CMC NPs) displays a significant change in structure, 
characterized by a broad and diffuse peak in the range of 

Results and Discussion

Structure Properties

 X-ray Diffraction

X-ray diffraction (XRD) analysis was employed to inves-
tigate the crystalline structure and crystallinity of the raw 
water hyacinth and the synthesized Na-CMC. The diffrac-
tion pattern of water hyacinth (Fig. 1a) exhibits characteris-
tic peaks at 2θ ≈ 15.7° and 21.2°, which are attributed to the 
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Fig. 1  a X-ray diffraction of the extracted Na-CMC NPs in the range (5 < 2θ(°) < 80). b X-ray diffraction of the extracted Na-CMC NPs on enlarged 
scale (10 < 2θ(°) < 30). c Shows the dependence of grain Size on FWHM. d Shows the dependence of grain Size on tan (θ)
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et al. found XCR for Cotton fibers ranging from 79 to 76% 
depending on untreated and treated condition [26].

 Grain Size

Using Scherrer formula

D = kλ

m cos(θ) � (2)

where D represents the grain size, k is the Scherrer constant, 
which typically ranges from 0.62 to 2.08; for the purposes of 
this study, we have adopted a value of k = 0.9. Additionally, 
λ is the X-ray wavelength, and m denotes the full width at 
half maximum (FWHM). As illustrated in Fig. 1c. (FWHM) 
for all observed peaks is given with the data of X from the 
XRD diffractometer. The grain size exhibits an inverse rela-
tionship with FWHM, exhibiting a significant reduction in 
grain size from 26.8 nm to 6.5 nm as FWHM decreases. The 
broadening of X-ray diffraction peaks indicates the presence 
of lattice strain resulting from lattice defects [27–32]. Fig-
ure 1d shows the dependence of full width at half maximum 
(FWHM) D (in radians) on tan (θ). According to the follow-
ing equation:

D = 2εtan(θ)� (3)

where ε is the lattice micro strain. From the slope obtained 
through the line fitting of the data presented in Fig. 1d, it is 
determined to be 8.55 × 10–3. The negative value of micro 
strain indicates the presence of compressive strain, while 
a positive value corresponds to tensile strain [30]. These 
results support the conclusion that carboxymethylation 
induces structural disorder and reduces crystalline domain 
size in Na-CMC.

SEM, TEM and EDAX Results

Figure 2a and b shows scanning electron microscopy (SEM) 
images of Na-CMC NPs and Na-CMC hydrogels after irra-
diation with a dose of 10 kGy. As observed, the presence 
of pores on the surface of Na-CMC hydrogels is a key fac-
tor contributing to their water absorption capacity. Cavi-
ties formed between the interconnected Na-CMC networks 
facilitate water absorption, while these pores are absent in 
Na-CMC NPs. In contrast, the SEM image of Na-CMC 
NPs shows a rough surface with no evidence of a porous 
structure. Although accurately estimating the particle size 
from the SEM image poses challenges due to consider-
able agglomeration, the micrograph generally suggests the 
presence of small, heterogeneous particles that exhibit a 
tendency to aggregate. Finally, due to their large pores and 

2θ ≈ (18–23)°. This broadening indicates a reduction in 
crystallinity and an increase in the amorphous character of 
the material [20]. This behavior is attributed to the carboxy-
methylation process, in which hydroxyl groups of cellulose 
are substituted with carboxymethyl groups (–CH₂COONa). 
This substitution disrupts the intermolecular hydrogen 
bonding network within cellulose chains, resulting in 
decreased structural order. Similar observations have been 
widely reported for chemically modified cellulose deriva-
tives. Minor diffraction peaks observed at higher angles 
(2θ > 30°) may be attributed to residual inorganic species. 
This is consistent with the well-documented phytoremedia-
tion ability of water hyacinth (Eichhornia crassipes), which 
can accumulate trace metal ions from contaminated envi-
ronments. However, these peaks are of low intensity and 
do not affect the primary structural interpretation. Overall, 
the XRD results confirm the transformation of native cel-
lulose into Na-CMC NPs, accompanied by a decrease in 
crystallinity and the formation of a predominantly amor-
phous structure. The dominant diffraction features clearly 
indicate that Na-CMC NPs is the principal phase in the syn-
thesized material. The elimination of lignin and hemicellu-
lose enhances the crystallinity of Na-CMC NPs, resulting 
in sharper characteristic peaks as demonstrated in the X-ray 
diffraction analysis.

 Degree of Crystallinity

Figure 1b shows the X-ray diffraction pattern of (Na-CMC) 
within the angular range of (10° < 2θ < 30°). Figure  1b 
reveals that at low angles cellulose exhibits an amorphous 
structure interspersed with a number of crystallites, a phe-
nomenon also observed in previous findings of Tarabiah et 
al. [21]. The physical properties of cellulose such as tensile 
strength, elastic modulus, moisture regain, and chemical 
reactivity are significantly influenced by the degree of crys-
tallinity [22–24]. In the present work Segal method [25] has 
been employed to determine the degree of crystallinity XCR

XCR
= I200−IAM

I200
� (1)

where I200 is the peak height of the 200 plane at (2θ ~ 21.68°) 
which is 12.44, IAM is the minimum between the (200) peak 
at (2θ ~ 21.68°) and the 110 peak at (2θ = 18°) (in amorphous 
range) which is 2.38. The calculated value of XCR from 
Fig. 1b and Eq. (1) is 81 ± 1%. This value is lower than that 
of native cellulose and reflects partial destruction of crystal-
line domains caused by carboxymethylation. The reduction 
in crystallinity is consistent with the increased amorphous 
character and enhanced water solubility of Na-CMC. Segal 
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Fig. 2  a SEM of the pressed Na-CMC NPs sample. b SEM of the pressed Na-CMC hydrogel at 10 kGy. c Shows TEM image of Na-CMC NPs. d 
Energy dispersive X-ray analysis of the prepared Na-CMC NPs
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The EDX spectrum of the prepared Na-CMC extracted 
from Eichhornia crassipes confirms the presence of tho-
rium together with the main matrix elements (C, O, Na and 
Cl), indicating that Th is intrinsically associated with the 
biomass-derived polymer. As summarized in Table 1, tho-
rium accounts for about 3.21 wt%, demonstrating a rela-
tively high enrichment compared with other trace metals. 
This result is consistent with the well-documented ability of 
water hyacinth to accumulate thorium from contaminated 
environments. Previous adsorption studies reported thorium 
uptakes of about 19–20 mg g⁻1 for leaves and up to 70 mg g⁻1 
for roots, confirming the strong affinity of this plant toward 
Th species. Therefore, the detected Th signal after Na-CMC 
preparation reflects the retention of naturally adsorbed tho-
rium from the original plant material rather than experimen-
tal contamination, validating the EDX interpretation.

IR Spectroscopy

Analysis of Na-CMC NPs and Water Hyacinth by FTIR

Infrared spectroscopy, specifically Fourier Transform 
Infrared (FTIR) spectroscopy, is an analytical technique 
used to identify functional groups in organic, polymeric, 
or coating materials. In this study, FTIR spectroscopy 
was employed to confirm the functional groups present 
in Na-CMC NPs and water hyacinth. Water hyacinth cel-
lulose and Na-CMC NPs samples were analyzed using 
FTIR, and their spectra are presented in Fig. 3. The FTIR 
spectrum of water hyacinth cellulose shows character-
istic absorption bands corresponding to the cellulose 
backbone. The broad band around 3430  cm−1 corre-
spond to (O–H) stretching vibrations, while the band at 
approximately 2920 cm−1 is attributed to C–H stretching 
vibrations. The absorption bands in the ranges of 1435–
1232 cm−1 and 1057–610 cm−1 are associated with asym-
metric C–O–C stretching vibrations and β-1,4-glycosidic 

open structure, porous hydrogels exhibit relatively rapid 
swelling kinetics, with hydrogel samples reaching an equi-
librium swelling state within a few minutes to a few hours 
[33, 34].

In addition to Fig.  2c presents a transmission electron 
micrograph (TEM) of Na-CMC NPs. The particles exhibit 
quasi-spherical to irregular morphologies, with average 
sizes ranging from 11 to 40 nm. (TEM) provides direct, real 
space imaging of nanoparticle size, shape, and morphology, 
while (XRD) provides information about the crystalline 
structure and average crystallite size based on diffraction 
patterns. Both techniques complement each other, and the 
TEM observations often reinforce the interpretations drawn 
from XRD, within acceptable experimental error.

Figure  2d presents the energy-dispersive X-ray (EDX) 
spectrum of the prepared Na-CMC nanoparticles derived 
from Eichhornia crassipes. The spectrum confirms the 
presence of the primary elements expected for sodium car-
boxymethylcellulose, namely carbon (C), oxygen (O), and 
sodium (Na), which correspond to the polysaccharide back-
bone and carboxymethyl functional groups. Table 1 sum-
marizes the detected elemental composition. A minor signal 
corresponding to chlorine (Cl) is also observed, which can 
be attributed to residual salts from the synthesis process. In 
addition to these elements, very weak signals are detected 
in the higher energy region. Due to their low intensity, these 
signals are considered trace-level contributions and cannot 
be conclusively assigned to specific elements or distinct 
phases. It is important to note that EDX analysis provides 
semi-quantitative elemental information and has limited 
sensitivity for the accurate identification and quantification 
of trace elements or their chemical states. Furthermore, the 
XRD results do not reveal distinct crystalline phases cor-
responding to such species, supporting the conclusion that 
Na-CMC is the dominant material. The observed trace sig-
nals, if present, may originate from environmental exposure 
of the raw biomass or minor residual impurities. However, 
their negligible intensity indicates that they do not signifi-
cantly affect the structural integrity or functional perfor-
mance of the synthesized Na-CMC.

Table 1  The EDAX observed elements in the extracted Na-CMC NPs 
from water Hyacinth (E-Crassipes)
Element Atomic % Atomic % Error Weight % Weight % Error
C 31.3 0.6 19.6 0.3
O 33.1 1.0 27.79 0.6
Na 27.6 0.3 33.1 0.3
Si 0.9 0.1 1.3 0.1
P 0.6 0.1 1.6 0.1
Cl 5.1 0.3 11.1 0.3
Ca 0.6 0.1 2.3 0.1
Th 0.7 0.3 3.21 0.9
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Fig. 3  FTIR transmittance spectrum of the extracted Na-CMC NPs and 
water hyacinth
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confirms the presence of COO− group. However, CMC 
demonstrates significantly stronger and sharper absorp-
tion at these wave numbers, which is indicative of suc-
cessful carboxymethylation. The pronounced absorption 
band in the range of 1651–1442 cm−1 further confirms the 
presence of the COO⁻ group, underscoring the incorpora-
tion of carboxymethyl substituents. The previous stud-
ies at wave numbers of 1620.1  cm−1 and 1423.4  cm−1, 
which were indicative of carboxymethyl substitution 
[28]. Additionally, the presence of carboxymethyl groups 
was confirmed in the ranges of (1600–1640) cm−1 and 
(1400–1450) cm−1, aligning with the findings of the pres-
ent study. In this study, the peaks corresponding to the 
carboxymethyl groups are identified at 1608.4 cm−1 and 
1422.2 cm−1, respectively. Minor variations observed at 
these wave numbers attributed to contamination of heavy 
metal impurities or due to combination bands influenced 
by the presence of water [21, 28, 32, 35].

Length and Strength of Hydrogen Bonds

Hydrogen bonding is significant due to its crucial role 
in various chemical, physical, and biochemical processes 
[44]. Determination of hydrogen bond and strength are 
essential for understanding of mechanical strength and 
flexibility of cellulosic material [45]. A hydrogen bond 
can be described as a scenario where a hydrogen atom, 
under specific conditions, is strongly attracted to two 
atoms, allowing it to function as a bond between them. 
Hydrogen bonds can be categorized into three types 
based on their strength: weak (4.18–16.74) kJ/mol., mod-
erate (16.74–62.76) kJ/mol, and strong (62.74–166.154) 
kJ/mol [46]. Small change in bond length influences: 
water solubility, viscosity, rheology, thermal stability 
and mechanical flexibility [47]. Substances containing 
carboxylic groups tend to form molecular aggregates. 
This behavior is not limited to hydroxyl (OH) groups; it 
is also observed in molecules with NH and CH linkages. 
The strongest interactions are typically found between 
hydroxyl groups and oxygen atoms, whether in the same 
molecule (intramolecular interaction) or in different mol-
ecules (intermolecular interaction) [48]. The intermo-
lecular bond is formed between two molecules due to 
the influence of electromagnetic forces of attraction or 
repulsion [49]. By utilizing the methodology developed 
by George Pimental and Charles H. Sederholm to deter-
mine the O–H…O distance (R) in hydrogen-bonded crys-
tals, the infrared transmittance band associated with O–H 
stretching motion. The relationship between frequency 
shift (Δν) and bond distance is related in the following 
formula (4), [50, 51]:

linkages between glucose units in the cellulose struc-
ture. After the carboxymethylation process, water hya-
cinth cellulose was successfully converted into Na-CMC 
NPs. A comparison between cellulose and Na-CMC NPs 
reveals similar wavenumbers at approximately 1651 cm−1 
and 1442 cm−1, however, the absorption intensity differs 
significantly. Cellulose exhibits weak absorption at these 
wavenumbers, whereas Na-CMC NPs show strong and 
sharp absorption bands. The prominent absorption bands 
in the range of 1651–1442 cm−1 confirm the presence of 
carboxylate (COO−) groups, indicating successful car-
boxymethylation of the cellulose. Notably, transmittance 
peaks were detected at 3424 cm⁻1 and 1422.24 cm⁻1, with 
minor shifts in peak positions attributed to varying levels 
of pollutant contamination [21, 32, 35]. These peaks cor-
respond to several vibrational groups, including CH2–, 
C–OH, C–C and C–O and –OH [36]. Joyline explained 
the peak shifts observed in the FTIR spectrum of the 
extracted Na-CMC NPs from E-crassipes, attributing this 
phenomenon to a heightened tendency for saline absorp-
tion [37]. The presence of absorbed water causes CMC to 
transform into a gel-like material. This property makes 
the present Na-CMC NPs substance is a superabsor-
bent polymer. Many authors have reported the structural 
characteristic of Na-CMC NPs [32, 36–43]. The FTIR 
spectrum yields essential insights into the altered chemi-
cal structure of (CMC) derived from water hyacinth. A 
broad band appearing at approximately 3422  cm−1 is 
indicative of O–H stretching vibrations, while a peak 
around 2915 cm−1 corresponds to C–H stretching vibra-
tions. Additionally, the peak recorded at 1631.65  cm−1 
is associated with CH–O–CH2 stretching vibrations 
[32]. These vibration patterns represent defining fea-
tures of both Na-CMC NPs and cellulose [32]. A care-
ful examination of the obtained FTIR spectrum reveals 
the absence of two prominent bands at 1510  cm−1 and 
1255.70  cm−1, confirms the substantial removal of lig-
nin. The peak observed around 1608  cm−1 signifies the 
presence of a carbonyl group (C=O), while the peak near 
1422  cm−1 is indicative of methyl (CH3) groups. These 
findings confirm that the extracted sample from water 
hyacinth is indeed (Na-CMC) NPs. Furthermore, car-
boxyl groups in salt form typically exhibit wave num-
ber bands ranging from 1640–1460 cm−1 to (1400–1450) 
cm−1 [44]. Bands within ranges of (1435–1232) cm−1 and 
1057–610 cm−1 signify the asymmetric bridge stretching 
(C–O–C) of water hyacinth cellulose, as well as the gly-
cosidic bonds connecting the glucose units in cellulose. 
These spectral features illustrate the transformation from 
cellulose to CMC through the carboxymethylation pro-
cess. Both cellulose and CMC display peaks at similar 
wave numbers, such as 1651  cm−1 and 1442  cm−1 and 
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NMR Result

Figure 5a shows a side-by-side comparison of the 1H-NMR 
spectra for native cellulose and Na-CMC NPs. In the native 
cellulose spectrum, the main signals appear between 3.0 and 
5.5 ppm, with a distinct peak near 4.8 ppm representing the 
anomeric proton. The Na-CMC NPs spectrum retains these 
backbone signals but also introduces new peaks in the 3.3–
4.0  ppm region, which correspond to methylene protons 
from the carboxymethyl groups. These additional signals 
confirm that cellulose has been successfully carboxymeth-
ylated, while the presence of the original backbone peaks 
indicates that the polysaccharide structure remains intact 
[55]. Thus affirming the structural configurations illus-
trated in the NMR spectra, see Fig. 5b and Scheme 2. The 
1H-NMR spectrum of sodium carboxymethyl cellulose 
(Na-CMC) NPs clearly reflects the polymeric nature and 
chemical modification of cellulose. Most of the proton sig-
nals appear as a broad group of overlapping peaks in the 
region between δ 3.0 and 5.5 ppm, which is typical for poly-
saccharides. These resonances arise mainly from the protons 
of the glucose rings (H-2 to H-6) in the cellulose backbone. 
Because Na-CMC NPs is a substituted polymer with a non-
uniform structure, these signals are broadened and par-
tially overlap rather than appearing as sharp, well-defined 
peaks. The resonance observed around δ 4.5–5.2 ppm can 
be assigned to the anomeric proton (H-1) of the glucose 
units. Its broad shape reflects the loss of crystallinity and the 
variation in chemical environment caused by the introduc-
tion of carboxymethyl groups. In addition, signals in the δ 
3.2–4.2 ppm region are attributed to the methylene protons 
(–CH₂–) of the carboxymethyl substituents. The appearance 
of these peaks confirms that carboxymethyl groups have 
been successfully introduced onto the cellulose backbone. 
The overlap and broadness of these resonances suggest that 
substitution occurs at different hydroxyl positions along the 
polymer chain. Importantly, the spectrum does not show 
noticeable peaks in the aliphatic region below δ 2.5 ppm or 
in the aromatic region above δ 6.0 ppm, indicating that the 
sample is free from significant low-molecular-weight impu-
rities or aromatic contaminants. Overall, the spectral fea-
tures are consistent with those expected for Na-CMC NPs 
and confirm the successful modification of cellulose [56]. 
The insert provides an enlarged view of a selected part of 
the 1H-NMR spectrum, allowing a closer inspection of the 
overlapping proton signals. This zoomed-in region makes 
it easier to observe the anomeric proton and the methylene 
protons of the carboxymethyl groups, which are less clearly 
distinguished in the full spectrum. By magnifying this area, 
subtle differences in peak shape and intensity become more 
visible, highlighting the heterogeneous substitution pattern 
typical of Na-CMC NPs [57].

R
(
Å

)
= 2.84 − (∆ν/(4430))� (4)

Both Hydrogen bond energy and length are key param-
eters when analyzing the molecular interaction in Na-
CMC NPs and water hyacinth samples, particularly in 
structural modifications brought by carboxymethylation 
[35]. Increase H-Bonding energy leads to decrease crys-
tallinity, increase the chain flexibility and enhance ionic 
conductivity [52]. Figure  4 shows the dependence of 
–O–H energy (EH) of several –OH stretching bonds of 
hydrogen bond on the wavenumber value of the transmis-
sion peak of FTIR spectrum.

An inverse relationship between O–H bond distance 
and IR frequency transmission bands has been well-
documented [50, 51, 53]. This correlation is significant 
in understanding the molecular interactions and struc-
tural dynamics. Determination hydrogen bond length in 
Na-CMC NPs is essential for, Based on the IR analysis 
results of the extracted (Na-CMC) NPs from Eichhornia 
crassipes  (E-Crassipes), comparisons were made using 
the Wiley Database for IR polymers and monomers. The 
suggested molecular structure for this CMC sample was 
derived from the database entry titled “IR—Surfactants, 
Hummel – Wiley, Record ID 1016” [54].

Name Sodium carboxymethylcellulose;
Appearance White 
powder

 Hummel Decimal Number 95561

Sample Description  Plasticizer, adhesive, thickener
Source of Sample  Hoechst AG, Frankfurt/Main, 

Germany
Molecular weight 
(M.W.): 250,000

DS = 0.64
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process achieves effective chemical modification while pre-
serving the fundamental polysaccharide structure, which is 
essential for the observed thermal and dielectric behavior 
discussed in subsequent sections. FTIR confirms the chemi-
cal modification through the appearance of strong bands at 
1651–1442 cm⁻1 assigned to carboxylate (–COO⁻) groups, 
while the characteristic cellulose bands remain, indicating 
preservation of the polysaccharide backbone. The 1H NMR 
spectra support this conclusion by showing new resonances 
in the δ 3.2–4.2  ppm region corresponding to methylene 
protons (–CH₂–) of the carboxymethyl substituents, together 
with the original glucose proton signals. XRD shows a 
reduction in crystalline order after modification, reflecting 
disruption of the hydrogen-bonding network between cel-
lulose chains. Thus, XRD demonstrates structural disorder-
ing, FTIR verifies functional group formation, and NMR 
confirms molecular incorporation of carboxymethyl groups. 
Together, these results provide consistent and direct evi-
dence of successful Na-CMC synthesis.

In conclusion, taken together, the XRD, FTIR, and NMR 
results provide consistent and complementary evidence for 
the successful conversion of water hyacinth cellulose into 
sodium carboxymethylcellulose nanoparticles. XRD dem-
onstrates disruption of crystalline order, FTIR confirms the 
formation of carboxylate functional groups, and NMR veri-
fies the incorporation of carboxymethyl units into the cel-
lulose backbone. These findings establish that the synthesis 

Scheme 2  The proposed molecular structure of the extracted of (Na-
CMC) NPs

 

024681012
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b.

Fig. 5  a A side-by-side comparison of 
the 1H NMR spectra for native cellulose 
and Na-CMC NPs. b NMR spectrograph 
of the extracted Na-CMC NPs from the 
stem of Hyacinth water, where (M.W.): 
250,000 and ΔS = 0.64
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are typically presented in one of two forms, I-Weight Loss 
vs. Temperature; which tracks the material’s weight reduc-
tion as it is heated and II-Derivative Thermogravimetric 
Analysis (DrTGA); which represents the rate of weight loss 
with respect to temperature, offering insights into distinct 
stages of material degradation.

Figure 7a and b illustrate the thermogravimetric analysis 
(TGA) and derivative thermogravimetric analysis (DrTGA) 
of (Na-CMC) NPs, clarifying the dependence of mass loss 
and weight loss rate on temperature. The inset in Fig. 7a indi-
cates that the increase in the α value commences at 1203 K, 
peaks at 1227 K, and subsequently begins to decline. The 
helical structure of Na-CMC NPs facilitates the interaction 
of its hydroxyl (H–O) groups with the surface [52].

Figure  7a reveals a series of decomposition events, 
each corresponding to specific stages of weight loss: 
First Decomposition Stage: Begins at 373 ± 1  K, reach-
ing a plateau at 464 ± 1 K, and is associated with minimal 
weight loss. Second Decomposition Stage: Commences at 
526 ± 1 K, stabilizing at a plateau of 565 ± 1 K, with a weight 
loss of 12.8%. Third Decomposition Stage: Onset occurs at 
852 ± 1 K, concluding at 892 ± 1 K, followed by a substantial 
weight loss of 38%. Final Decomposition Stage: Initiates at 
1077 ± 1 K, culminating in a plateau at 1180 ± 1 K, accom-
panied by a significant weight loss of 45%. The sequential 
decomposition events in Fig. 7a reflect the existence of dis-
tinct stages of material degradation, each characterized by 
unique kinetics.

Figure 7b illustrates the relationship between the rate of 
mass loss (DrTGA) and the decomposition of Na-CMC NPs 
over time, recorded at a constant heating rate of 10 °C/min. 
Four distinct minima are identified at temperatures of 351 K, 
554 K, 856 K, and 1160 K. These minima correspond to the 
midpoints of the mass-loss events depicted in Fig. 7a and 
b. Drawing on the research of Basta [60], such minima in 
the DrTGA curve are attributed to the evaporation of mois-
ture or the vaporization of specific components within the 
adhesive polymer blend. Furthermore, the observed low rate 
of mass loss as the temperature increases underscores the 
remarkable thermal stability of sodium carboxymethyl cel-
lulose derived from the stem of (E-Crassipes).

Kinetics of Thermal Decomposition

Using change in sample mass as a function of increasing 
temperature is a well-established method for determining 
the kinetics of thermal decomposition [34, 60–62]. Thermo-
gravimetric analysis (TGA) is employed to record the data 
associated with this mass change as temperature rises. The 
resulting data is then analyzed using the formulas proposed 
by Coats and Friedman [63–65].

Thermal Analysis

The Differential Thermal Scanning Calorimetry 
(DSC) Results

Differential thermal Scanning Calorimetry (DSC) mea-
surements were performed within the temperature range 
of 236 K to 411 K, using a heating rate of 5 °C/min. The 
results, illustrated in Fig. 6, reveal several thermal transi-
tions that are characteristic of (Na-CMC) NPs, a polysac-
charide material known for its unique thermal properties.

Figure 6 illustrates a broad endothermic kink that begins 
at 285 ± 2  K, ends at 401 ± 2  K, and reaches its trough at 
around 352 ± 2 K, with an enthalpy value of 22 J/g. The min-
imum of the kink defined the glass transition temperature 
Tg = 352 K. Polysaccharides, such as CMC, exhibit strong 
water-binding properties due to their macromolecular struc-
ture, which is inherently disordered in the solid state and 
capable of undergoing hydration. The hydration dynamics 
depend on both the primary and supramolecular structures 
of the material. The observed endothermic kink at 285 K 
is primarily associated with water evaporation. This phase 
reflects significant physical and molecular changes occur-
ring during the processes of N-deacetylation and carboxy-
methylation [54].

Furthermore, a narrow and sharp exothermic peak 
appears at 271 K, which is attributed to the decomposition 
of highly substituted polysaccharide regions within the Na-
CMC NPs structure, as shown in the insert of Fig. 6; with 
enthalpy of 0.12 J/gm.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is an analytical tech-
nique used to measure changes in the mass of a material as a 
function of temperature and time [58]. This method is essen-
tial for investigating various thermal phenomena, includ-
ing sublimation, vaporization, absorption, adsorption, and 
desorption, as the temperature increases [59]. TGA results 
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parameters for decomposition. Here, n is identified as the 
order of decomposition. The parameter A reflects the fre-
quency of the reaction, while Δm represents the difference 
between the initial and final sample masses. Tm indicates the 
temperature at which the rate of mass loss reaches its peak, 
and Δm% quantifies the ratio of mass loss relative to the 
initial sample mass. Table 2 kinetic parameters of decom-
position where n is the decomposition order, A is the fre-
quency and Δm is the difference between the sample starting 
mass and the sample final mass. Tm is the temperature of 
maximum mass lose rate, and Δm% is the ratio between the 
mass loss and the initial sample mass. The obtained results 
of activation energy of degradation from the two methods 
are not matches. The degradation process of carboxymethyl 
cellulose–copper complexes was thoroughly examined by 
Nashar et al. [65]. Utilizing the Coats and Redfern equa-
tions [68] to determine degradation kinetic parameters, the 
activation energy values listed in Table  2 were found to 
align closely with those reported by Nelson et al. [69]. The 
first degradation stage of CMC, observed at a heating rate 

Log10
(

(1 − (1 − α)1−n

T 2(1 − n)

)
= Log10AR

aE

(
1 − 2RT

E

)
− E

2.3RT
� (5)

By Plotting ln[( 1
(1−α) )] versus 1/T, the line with slope = Ea 

/R and intercept = ln[( R
Ea

)( A
β )T 2

m where: (α) represents 
fractional conversion α = mi−mα

mi−mF
; (mi) denotes the initial 

sample mass at the onset of the reaction, while (mf) signi-
fies the sample mass at the end of the reaction and, mα is 
mass during the degradation process [66, 67]. Additionally, 
(n) indicates the order of the degradation reaction corre-
sponding to the maximum correlation factor (R2), T is the 
absolute temperature measured in Kelvin, (A) represents the 
reaction frequency, a corresponds to the heating rate, and 
(R) is the universal gas constant, and (E) symbolizes the 
energy associated with decomposition. From the relation-
ships established in the preceding equations, a straight line 
can be derived with a slope given by s = E/(2.3R) and an 
intercept that must be calculated. The energy of decomposi-
tion, degradation frequency (A), and the reaction order are 
determined as shown in Table 2, which presents the kinetic 

Table 2  The energy of decomposition, degradation frequency (A), and the reaction order
W. Coats and J. P. Redfern, Method [48] A. Broido Method [51]
Temperature range, K Ea, kJ/mole R2 N Ea, kJ/mole A, Hz R2 Tm, K Δm Δm%
(326–386) 1st Stage 4.9 0.9907 3 26.123 8.37 0.9488 351 1.34 11.54
(512–565) 2nd Stage 387.3 0.9988 3 0.705 152 0.9516 554 5.34 46
(581–622) 3rd Stage 62.7 0.9996 2.5 106.3 0.27 0.9999 584 6.42 55
(718–910) 4th Stage 0.079 0.9287 2 18.84 0.65 0.9287 858 10.68 92
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between the onset and endpoints of the ε′ and DSC curves 
can be attributed to variations in the heating rates applied 
during the two measurement techniques. Given that the 
thermal properties of (CMC) are indeed heating-rate-depen-
dent [64]. This discrepancy is attributed to reduced thermal 
stability of CMC at elevated temperatures [70]. Notably, a 
subtle kink emerges starting at 384 K, persisting across all 
tested frequencies. This kink corresponds with the onset of 
the first decomposition stage of (CMC), as evidenced by the 
thermal analysis presented in Fig. 7a and b. The arrow in 
Fig. 8a points out to kink at 384 K. This transition is close 
to the end of the first degradation stage 386 K, as shown in 
Table 2. Figure 8a also demonstrates that the dielectric con-
stant (ε′) experiences a decline as frequency increases, ulti-
mately stabilizing at 352 K. Remarkably, this temperature 
coincides with the minimum point of the kink observed in 
the differential scanning calorimetry (DSC) curve (Fig. 6). 
The observed decrease in ε′ with rising temperature is intri-
cately associated with orientational polarization, which dic-
tates the thermal motion of molecules. As the temperature 
escalates, the influx of thermal energy disrupts the orderly 
alignment of polar molecules, thereby reducing their capac-
ity to reorient in response to an applied electric field [70, 

of 10 min/°C, is attributed to the evaporation of adsorbed 
moisture and the degradation of impurities [64]. The sec-
ond degradation stage occurs within the temperature range 
of (215–565) K and is associated with the dehydration of 
CMC, a process that generates CO2 and CO as byproducts 
[66]. The third degradation stage (718–910) K likely corre-
sponds to the breakdown of products formed during earlier 
heating stages [66].

Dielectric Permittivity Measurements

Thermal Dependence of Dielectric Permittivity

Figure  8a illustrates that the dielectric constant behavior 
as ln(ε′) versus temperature, at different selected frequen-
cies. This figure shows an increasing trend with tempera-
ture, reaching a peak at 314 K before undergoing a decline 
and eventually stabilizing at 343  K. This behavior corre-
lates with the broad thermal transition evident in the dif-
ferential scanning calorimetry (DSC) results presented in 
(Fig. 6), where a notable inflection point emerges at 300 K 
and extends to 411  K. The observed shift in temperature 
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Frequency Dependence of Dielectric Permittivity

Figure  9a and b demonstrate the frequency dependent 
behavior of the dielectric constant (ε') and dielectric loss 
(ε''). At low frequencies, both ε' and ε'' diverge, decreasing 
with rising temperature, while they converge at high fre-
quencies. The observed reduction in ε' and ε'' with increas-
ing temperature can be attributed to the following factors:

Dipole Disruption: Elevated temperatures increase mo-
lecular mobility, disrupting the alignment of dipoles un-
der an applied electric field. This reduces the material’s 
ability to polarize effectively, lowering ε' [70, 73].
Phase Transitions: Thermal transitions (e.g., solid-to-
gel) may weaken intermolecular interactions in (CMC), 
compromising structural integrity and polarization 
efficiency.
Moisture Loss: Although higher temperatures enhance 
ionic mobility, excessive thermal energy can dissociate 
or evaporate bound moisture in the CMC matrix. Reduc-
tion of water content diminishes charge carrier concen-
tration, further decreasing ε' and ε''.
Water-State Alteration: Temperature-induced changes 
in water interactions (e.g., bound-to-free transitions 
or evaporation) can destabilize dielectric properties 
[74–76].

71]. The dielectric anomaly observed can be attributed to 
the structural and compositional changes occurring in CMC 
during decomposition, which likely involve bond cleavage 
or reorganization of the polymer matrix. The relaxation time 
is intricately linked to various polarization mechanisms 
namely electronic, atomic, dipolar, space charge, and inter-
facial polarization which are influenced by the composition 
and structural characteristics of the material (such as organic 
versus inorganic and crystalline versus amorphous) [72].

Figure 8b shows the dependence of the dielectric loss ln 
(ε’’) on temperature at different selected frequencies. The 
behavior of dielectric loss as a function of temperature 
confirms the correlation between thermal behavior and the 
dielectric behavior. This figure shows an increasing trend 
with temperature, reaching a peak at 314 K before under-
going a decline and eventually stabilizing at 343  K. This 
phenomenon aligns with the broad thermal transition evi-
dent in the differential scanning calorimetry (DSC) results 
presented in Fig. 6, where a notable inflection point emerges 
at 300 K and extends to 411 K. The observed shift in tem-
perature between the onset and endpoints of the ε′, ε” and 
DSC curves can be attributed to variations in the heating 
rates applied during the two measurement techniques. Also, 
in ε” = F (T) a subtle kink emerges starting at 384 K, per-
sisting across all tested frequencies. This kink corresponds 
with the onset of the first decomposition stage of (CMC), as 
evidenced by the thermal degradation analysis.
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Therefore, understanding and tailoring Na-CMC’s dielectric 
properties is essential for optimizing its functionality across 
industries from controlling rheology in consumer products 
to enabling next generation sustainable materials.

Dielectric Modulus

Electrode polarization leads to a notable dispersion in the 
frequency dependence of permittivity. To mitigate the 
effects of electrode polarization, Macedo et al. [77] proposed 
using the dielectric modulus as a corrective measure. They 
introduced the concept of the dielectric modulus, defined 
as M* = 1/ε* where ε* represents the complex permittiv-
ity expressed as ε* = ε’ + iε’’. This formulation effectively 
addresses the challenges posed by electrode polarization, 
enabling a more accurate analysis of the dielectric proper-
ties of materials.

M ′ = 1
ε′(1 + tan2 δ)

, M ′′ = i tan δ

ε′(1 + tan2 δ) � (6)

Figure 10a elucidates the relationship between the real com-
ponent of the dielectric modulus (M') and frequency across 
various selected temperatures. Notably, this depiction delib-
erately omits the effects of electrode polarization. At ele-
vated frequencies, permittivity is predominantly influenced 
by instantaneous electronic and atomic polarizations. This 
underscores the critical importance of analyzing dielectric 
modulus to circumvent artifacts introduced by electrode 
polarization. Conversely, Fig.  10b illustrates the behavior 
of the imaginary component of the dielectric modulus (M") 
as a function of frequency for different temperature condi-
tions. The observed increase in M' with rising frequency can 
be attributed to the constrained mobility of charge carriers 
over short distances. Furthermore, the manifestation of an 
asymmetric semicircular arc in the low-frequency region 
serves as evidence for the presence of electrical relaxation 
phenomena. This behavior is particularly pronounced in the 
Sodium carboxymethyl cellulose samples investigated, cor-
roborating the findings documented in [78, 79]. Figure 10a 
and b show features of ionic conductivity, namely S shape of 
M’ dispersion and M” peak. It is noted that the peak of M’’ 
shifts its position as frequency changes, but the amplitude 
not changes with changing temperature. Figure 11a clarify 
the peak shift of ln(M’’). The peak max frequency values 
are plotted as function of temperature shown in Fig. 11b. 
The relaxation can be analyzed using Equation:

f = foe
−Ea

KT
� (7)

Figure  9a presents a plot of (ε') against frequency, which 
reveals a power-law relationship (ε' ∝  ω^(n−1)) [66]. Fluc-
tuations in the exponent (n−1) correlate with thermogravi-
metric analysis (TGA) data. The emergence of a hump and 
the variability in n-value around 351 K correspond to the 
second decomposition stage shown in Fig. 7b (T ~ 354 K). 
This correlation highlights the interconnectedness of dielec-
tric behavior and thermal degradation processes in car-
boxymethyl cellulose (CMC). Notably, fluctuations in the 
exponent (n−1) align with TGA data: the onset of a hump 
and n-value variability at 351 K corresponds to the second 
decomposition stage observed in Fig. 7b (starting at 354 K). 
This correlation underscores the interdependence of dielec-
tric behavior and thermal degradation processes in CMC.

Figure 9b shows similar frequency dependence of (ε”) as 
observed for (ε'). At low frequencies, the increases in both 
the real (ε') and imaginary (ε'') parts of the permittivity with 
temperature are attributed to a shift in dielectric relaxation 
processes to higher frequencies, as enhanced thermal energy 
facilitates ionic hopping and diffusion, which increases the 
mobility of both sodium counter-ions (Na⁺) and the rota-
tional freedom of polar -COO⁻ groups along the polymer 
backbone [69]. Conversely, the convergence at high fre-
quencies indicates a limit to these dipole and ionic contri-
butions at short timescales. The persistent low-frequency 
divergence, however, is attributed to interfacial polarization 
(Maxwell–Wagner–Sillars effect) arising from the accumu-
lation of mobile Na⁺ ions at internal boundaries within the 
heterogeneous polymer matrix, such as between regions of 
differing crystallinity or hydration [77].

The dielectric behavior of (Na-CMC) NPs is of funda-
mental importance due to its direct link to the polymer's 
unique ion dipole interactions and hydration dynamics. 
As a water soluble polyelectrolyte, the sample’s dielectric 
constant and loss are highly dependent on frequency, mois-
ture content, and ion mobility. At low frequencies, the high 
dielectric constant arises from the orientation of its polar 
-COO⁻Na+ groups and bound water molecules, which is 
critical for its charge storage capability. This strong polar-
ization enables its primary use as a high performance, bio-
based thickener and stabilizer in foods and pharmaceuticals, 
where dielectric properties govern viscous structuring and 
colloidal interactions.

Furthermore, the dielectric relaxation spectra reveal cru-
cial information about segmental motion and ionic conduc-
tion, which dictates performance in advanced applications. 
In solid polymer electrolytes for biodegradable electronics, 
sample moderate ionic conductivity and dielectric stability 
are key for facilitating ion transport. In biomedical con-
texts like hydrogel wound dressings or tissue scaffolds, its 
dielectric response influences cell adhesion and drug release 
kinetics by modulating local polarity and swelling behavior. 
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Fig. 11  a Shows the peak shift 
ln (M’’) versus temperature as 
1000/T. b Shows the peak max 
frequency values as function of 
1000/T

 

Fig. 10  a Frequency dependence of (M’) at different selected temperatures. b Frequency dependence of (M’’) at different selected temperatures
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electronics, heat management (IR reflectors), electromag-
netic interference (EMI) shielding, and optical coatings, all 
applications traditionally reserved for metals. The justifica-
tion lies firmly in their measurable optical and electronic 
properties, which mirror those of metals in a specific, useful 
spectral range [85–87]. A comparison of metallic like poly-
mer with true metallic behavior is illustrated in Table 3.

FTIR and NMR analyses demonstrate the presence of 
hydroxyl groups and moisture, as the extracted Na-CMC 
NPs material exhibits hydrophobic characteristics. In the 
temperature range of 330 K to 386 K, the adsorbed mois-
ture begins to evaporate, and the conductivity is attributed 
to the melting of free crystalline water within the hydrogel 
[80]. The data presented in Fig. 12a indicate that within the 
temperature range of 386 K to 441 K, the conductivity of 
the material exhibits an increase corresponding to rising 
temperatures, characteristic of semiconductor behavior. In 
the temperature interval of 373 K to 433 K, the breaking 
of hydrogen bonds leads to the formation of hydroperox-
ide groups, which subsequently results in the depolarization 
of cellulose. Furthermore, carboxymethyl cellulose under-
goes dissociation between 473 and 523 K. This dissociation 
contributes to the metallic behavior observed in phases (II) 
and (III) as depicted in Fig. 12a, which is attributed to the 
presence of hydroxyl groups (–OH) that enhance the electri-
cal conductivity of (Na CMC) NPs. Thus, this phenomenon 
accounts for the metallic conductivity behavior observed 
in the temperature range of 386  K to 414  K [81–83]. 
Conversely, in both temperature regions (I) and (IV), the 
Arrhenius relationship is upheld. The frequency-dependent 
activation energy for both regions exhibits a strong correla-
tion with the fitting equation:

∆E = ∆Ea[1 − exp
(

f

fi

)
]α� (8)

where ΔEa is the activation energy in low frequency limit 
and α is a constant with values (0 < α < 1.0). Figure  13 
shows the activation energy (ΔE) values (dots) and its 
variation with frequency (line) according to Eq.  (8). The 
activation energy is found to decrease with increasing fre-
quency for both phases but with attitude. Activation energy 
ΔE = (0.5 eV–0.6 eV) for low frequencies can be associated 
with migration of chloride ion for both phases [82]. The 
low temperature phase, phase (I), shows parameters values 
of ΔEa = 0.59 eV, fa = 50.22 Hz and α = 0.14, while foe high 
temperature phase (IV); ΔEa = 0.49 eV, fa = 5.87 kHz.

Frequency Dependence of Conductivity

Figure  14a shows ac conductivity, 
σaC = σT − σdc = A(T )ωs(T ), this figure shows that σAC 

where Ea is the relaxation activation energy which yields, 
Ea = 0.125 eV, fo = 14,146 Hz.

Conductivity Measurements

Temperature Dependence of A. C. Conductivity

Figure  12a illustrates the dependence of σT on reciprocal 
temperature over the range of 300 K to 414 K. The conduc-
tivity profile shows distinct behavior across four regions:

Region I (300  K–312  K): Conductivity increases 
with rising temperature, indicating thermally activated 
processes.
Region II (314 K–330 K): A marked decrease in con-
ductivity with increasing temperature suggests metallic-
like behavior.
Region III (330  K–386  K): Conductivity decreases 
more smoothly with temperature, reflecting a transi-
tional phase.
Region IV (386 K–414 K): Conductivity increases once 
again, displaying semiconductor-like behavior.

These divergences are observable across all frequencies 
up to 8010 Hz and remain slightly visible between 20 and 
65  kHz. Such detailed analysis of σT provides valuable 
insights into the temperature-dependent conductivity mech-
anisms of the material.

Figure  12b illustrates the total electrical conductivity 
within the temperature range of 298  K to 312  K. Mean-
while, Fig.  12c depicts the relationship between the con-
duction activation energy Δ E and ln(σdc) as a function of 
temperature within the same range. The observed decrease 
in activation energy, coupled with the increase in ln(σdc) 
with temperature, supports the characterization of sodium 
carboxymethylcellulose as a semiconductor in the tempera-
ture span of 298 K to 312 K.

The data presented in Fig. 12d and e indicate that within 
the temperature range of 314  K to 330  K, conductivity 
decreases as temperature increases, while activation energy 
rises with temperature. The intermediate region (314–330 K) 
showed a complex, non-Arrhenius behavior which may be 
attributed to the interplay between ionic conduction from 
residual moisture/ions and the polymer's segmental motion, 
rather than metallic conduction. This interpretation aligns 
better with the polysaccharide nature of the material [23]. 
The term "metallic-like" for polysaccharide materials is a 
technically accurate shorthand for describing a state where 
chemical doping or nano-engineering induces. A negative 
dielectric constant in the IR, leading to high IR reflectiv-
ity. This makes them promising for sustainable flexible 
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Fig. 12  a Illustrates the dependence of σT on reciprocal temperature 
over the range of 300 K to 414 K. b Show the dependence of conduc-
tivity on temperature in range (298–312) K. c Show the dependence of 
dc- conductivity and conduction activation energy on temperature. d 

Dependence of conductivity on reciprocal temperature in temperature 
range 314–330 K. e Dependence of both ln (σdc) and electric activation 
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increase at all temperature measurement range as frequency 
increases but decreases with increasing temperature. The 
total conductivity σT follows the universal power law, where 
σdc is the direct current conductivity

σT = σdc + A(T )ωS � (9)

A(T) and s(T) are temperature dependent factors. where 
(0.5 < s < 1) as seen in Fig. 14b as proposed by Gargallo et 
al. [83] for ionic conductors.

Figure 14b show the dependence of exponent (s) and the 
intercept ln(A) of Eq.  (9). The exponent s decreases from 
temperature 290 K up to 331 K after this temperature (s) 

Table 3  A comparison of metallic like polymer with true metallic behavior
Feature True Metal (e.g., 

Copper)
Metallic-Like Polysaccharide Film Justification

Primary Charge Carrier Delocalized electrons Holes (polarons), ions, or electrons in a 
composite

Different carrier, similar effect on collective 
oscillation

DC Conductivity Very high (~ 10⁶ S/cm) Moderate to High (10⁻3 to 103 S/cm) Can approach the lower end of metal conductivity
Key Optical Property High reflectivity across 

VIS & IR
High IR reflectivity / low IR 
transmittance

The core of the “metallic-like” claim. Measurable 
via FTIR

Dielectric Constant (ε₁) Negative in VIS/IR Negative in the IR region Mathematical proof of metal-like optical behavior
Mechanism Sea of free electrons Chemically doped conjugated systems, 

or percolated conductive networks
Engineered functionality rather than intrinsic 
property
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Fig. 14  a Dependence of AC conduc-
tivity on frequency. b Dependence of 
exponent (s) and intercept [ln (A)] on 
frequency

 

Fig. 13  Dependence of electric activation energy on frequency in tem-
perature ranges (300 K–312 K), phase (I) and (386 K–414 K), phase 
(IV)
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Applications

Hydrogels are cross-linked polymeric networks capable of 
absorbing substantial amounts of water and other liquids 
often up to hundreds of times their dry weight without dis-
solving, as observed in Na-CMC NPs hydrogel. The swell-
ing ratio is an important parameter that reflects the degree 
of cross-linking within a polymer network [86]. Figure 15 
illustrates the swelling behavior of Na-CMC NPs hydro-
gel in water, prepared using a constant gamma irradiation 
dose of 10 kGy. The swelling ratio increases markedly with 
time, reaching a maximum after approximately 120 min, at 
which point the Na-CMC NPs hydrogel absorbs nearly 155 
times its own weight in water. This high swelling capacity 
is likely associated with the formation of a porous structure 
(Fig. 2b), which enhances water penetration and diffusion 
within the hydrogel network. Porosity facilitates rapid water 
transport through the polymer matrix. Moreover, the pro-
nounced swelling behavior of the Na-CMC NPs hydrogel 
can be attributed to the presence of hydrophilic functional 
groups and sodium ions along the polymer chains, which 
promote efficient water absorption and retention. Owing to 
this high absorption capacity, Na-CMC NPs hydrogels show 
significant potential for various environmental, industrial, 
and medical applications, including the removal of heavy 
metals from contaminated water through adsorption and 
decontamination processes.

Conclusion

In this study, we investigated the structural, functional and 
electrical properties of water soluble processed polymer; 
Sodium carboxymethylcellulose; (C8H15NaO8) in nano-
particle form henceforth; Na-CMC NPs. The primary poly-
mer has been extracted from the natural plant Eichhornia 

starts to increase but still less than 1 in this region hop-
ping assist conduction by small polaron. At approximately 
340  K, the exponent reaches a plateau that persists until 
386 K before it starts to decline again [84]. This behavior 
of the exponent (s) versus temperature is the behavior pro-
posed of the exponent (s) versus temperature in correlated 
barrier hopping (CBH) conduction mechanism [85]. The 
inverse behavior occurs at the same temperatures for the 
intercept ln(A) as shown in Fig. 14b.

Table 4 shows comparison of Thermogravimetric kinetic 
parameters of cellulose extracted from water hyacinth 
(E-crassipes) and cellulose extracted from different bio-
originated sources like Cotton linters(CL), Viscose Pulp 
(VP) and microcrystalline cellulose (MC). Using Coats and 
Redfern method [12] the kinetic parameters determined; 
energy of decomposition Ea, reaction order n, and correla-
tion factor R.

Table 4  Comparison of Thermogravimetric kinetic parameters of cellulose extracted from water hyacinth (E-crassipes) and cellulose extracted 
from different bio-originated sources

Present kinetic results He, M., et al. [12]
Temperature 
range; K

Ea, kJ/mol Attributed to: R2 n Cellulose 
Origin

Temperature 
range; K

Ea, kJ/mol R N

Cellulose 
from water 
hyacinth 
(Eichhornia) 
crassipes)

326–386,
1st stage

4.9 evaporation 
of adsorbed 
moisture

0.9907 3 Cotton Lint-
ers C. L

301.1–370.7
1st
447.8–515.2, 2nd

245.71
363.26

0.9939
0.9946

0.5
1.5

(512–565),
2nd stage

378.3 Dehydration of 
CMC

0.9988 3 Viscose pulp 
(VP)

272.1–366.1 1st
371.7–509.6 2nd

238.4
95.86

0.9774
0.9847

0
0.5

(581,622),
3rd stage

62.7 Breakdown 
products 
formed during 
earlier heating 
stages

0.9969 2.5 Micro crystal-
line cellulose 
(MC)

273.8–254.1 1st
447.8–522.4 2nd

245.71
363.55

(718–910),
4th stage

0.079 0.9287 2

Fig. 15  Swelling in water of Na-CMC NPs hydrogel at 10 kGy
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