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Abstract 
This study developed a novel nanocomposite with expected potentially broad applications in different fields  by  synthesizing 
biopolymers cellulose microcrystal@chromium oxide (CMC@Cr2O3) and activated cellulose microcrystal@chromium oxide 
(ACMC@Cr2O3) nanocomposites using an environmentally friendly facile sonication method.  The  effects  of  activation  of  
CMC   on   the   characteristics   of   synthesized   Cr2O3   nanocomposite   were   also  examined  in  the  study.  The  creation  of 
CMC@Cr2O3, and ACMC@Cr2O3 were investigated employing FTIR,  DRS-UV-Vis,  SEM,  EDX,  mapping,  XRD,  VSM,  
and TGA techniques. These studies illuminated the optical properties,  particle size distribution, crystallinity,  and  thermal 
stability and the results demonstrated higher thermal stability, paramagnetic properties, and semiconductor nature properties. 
Also, surface enhancing was observed upon monitoring some structural parameters  extracted  from  powder x ray diffraction 
study. The magnetic hysteresis analysis revealed paramagnetic behavior  in  CMC@Cr2O3 and  ACMC@Cr2O3,  as  neither 
exhibited magnetic saturation at the maximum field. Further examination indicated that the  activation  process  significantly 
influenced the magnetic properties, with ACMC@Cr2O3 displaying lower saturation  magnetization  (Ms),  reduced  remanent 
magnetization (Mr), and lower coercivity (Hci) compared to the  non-activated  CMC@Cr2O3  sample.  These variations are 
attributed to the activation process altering the ionic environment, chain conformation, and structural network  of  the  polyme r 
matrix, resulting in diminished magnetic responses. Moreover, changes in nucleation  and  growth  processes  of Cr2O3,  as 
evidenced by SEM and mapping analyses, alongside the activation-induced modifications in the polymer matrix, appeared to 
hinder the formation of larger or more optimally aligned magnetic domains. Structural enhancements, as inferred from 
powder X-ray diffraction data, were also observed, supporting these findings. 
Keywords: Cellulose microcrystal (CMC); Chromium oxide nano-biocomposite; Green synthesis; XRD; SEM; VSM. 

 1. Introduction 

 One of the most significant organic substances created in the biosphere is cellulose, an omnipresent re- 
 newable natural biopolymer on Earth. Many different kinds of organisms, including bacteria, marine creatures, 

 and  plants  at all  levels  of development, biosynthesize  it  [1].  Wood  and  plant fibers,  including  cellulose, have 

 many practical applications, including energy production, construction, papermaking, textiles, and apparel. Evi- 
 denced by the vast array of enterprises dealing with forest products, paper, textiles, etc., the utilization of natural 

 cellulose-based materials persists to this day  [2–4]. Several varieties of cellulose exist, each with a unique mi- 
 crostructure and set of distinguishing features identified by the fibers' length and diameter. Cellulose microcrys- 
 tals (CMC) are among the most frequently extracted and employed materials across various industrial sectors [5– 
 7]. The unique properties and characteristics of CMC fibers, such as their biocompatibility, low density,  large 

 surface area, renewability, high mechanical properties, biodegradability, and non-toxicity, have attracted much 

 attention to their isolation and potential use in composite materials [8]. 

 Research on integrating metallic elements into polymers is currently a highly active field. Several efforts 

 have been undertaken to employ cellulose as a metal clutch using various derivatizations [9–11]. Several of these 

 efforts are founded on incorporating groups that can form chelates, such as carboxylate and amine groups. The 

 interactions between heavy metal ions and cellulose or its derivatives can typically occur through four primary 

 mechanisms:
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• Intercalation within the cellulose matrix. 

• Adsorption onto cellulose fibers. 

• Formation of chemical bonds with the reactive groups of cellulose. 

• Development of complexes with dissolved cellulose degradation products.  

Transition metal salts react with cellulose to create coordination bonds with functional groups at cellulose's 

6th, 2nd, and 3rd carbon positions. Scientists have been drawn to cellulose-based metal frameworks because of 

their specialized applications, such as drug delivery systems, water treatment, food and food packaging, antimi-

crobial agents…etc [12–14]. However, our understanding is limited as scarce information is available on the syn-

thetic methods to create these cellulose-metal frameworks.  

By subjecting crystalline cellulose to hydrolysis with diluted acid, it is possible to control the degree of 

polymerization and create CMC in the micro-size range [15,16]. Typically, the particle size is in the range of 20–

80 μm, resembling a material scientist's observation [17].  CMC has found extensive applications in the medicine, 

food, cosmetics, and light chemical industries due to its low degree of polymerization and large specific surface 

area. CMC also offers the benefit of being cost-effective [18].  

Cr2O3 is a significant technological element due to its multiple applications in catalysts, green pigment, 

UV-protective coating materials, and visible light transmittance [19]. Due to its high corrosion and wear re-

sistance, low coefficient of friction, and outstanding optical and adiabatic properties, Cr2O3—the hardest oxide—

is also the most desired. It also has a high melting point of 2435 °C and is resistant to oxidation at high tempera-

tures [20,21]. There has been a surge of interest in developing nano-Cr2O3 with exceptional catalytic properties, 

cost-effectiveness, and energy efficiency [22]. It has been utilized in various applications such as photocatalysis, 

antimicrobial properties, and gas sensitivity [23–26].   

Although extensive research exists on preparing various metal and metal oxides [17,27–32], studies on 

synthesizing Cr2O3 using CMC as an organic template remain limited. This study introduces an innovative method 

that dopes Cr2O3 into CMC, significantly enhancing its physical, chemical, and thermal properties. Using an 

environmentally friendly method, CMC can be made more robust and resistant to wear, has better thermal stabil-

ity, improved optical properties [such as increased absorbance and altered optical energy gap), and electrical 

conductivity (e.g., suitable for use in electronic devices). Moreover, the influence of alkali surface modification 

on CMC was examined to assess its effect on the physical and chemical properties of the synthesized 

CMC@Cr2O3 composite. A comprehensive analysis of the produced composites was conducted utilizing FTIR, 

SEM, EDS mapping, TGA, XRD, DRS, and VSM techniques. 

 

2. Experimental 

2.1.  Materials  

Vicia faba hulls were collected from a local mill. After thorough washing and rubbing with water to remove 

dirt, they were dried in an oven set at 50 °C for 72 hours. Subsequently, the dried hulls were ground to a 0.5 -

micron mesh size in preparation for further examination and processing. The chemical composition analysis of 

Vicia faba hulls was conducted as follows: α-cellulose content was determined to be 51.23 ± 1.05% using the 

Tappi T 203 cm-99 method; hemicellulose content was 26.53 ± 0.21%, calculated as the difference between 

holocellulose and α-cellulose; lignin content was 10.66 ± 0.08%, measured following the Tappi T 222 om-02 

protocol; ash content was 3.35 ± 0.03%, determined via the Tappi T 211 om-02 method; and extractives content 

was 0.31 ± 0.01%, assessed using Tappi T 204 cm-07. These results demonstrate cellulose as the predominant 

structural component in the hulls, alongside significant contributions from hemicellulose and lignin. Sodium hy-

droxide (99 %) was obtained from Laboratory Rasayan (SD Fine Chem, Mumbai, India), Chromium chloride 

hexahydrate [CrCl3.6H2O], was purchased from Sigma-Aldrich. The other reagents were analytical grade and did 

not require any additional purification before use. 

 

2.2. Preparation of materials under investigation  

2.2.1.  Production of Cellulose microcrystals (CMC)  

CMC were extracted from fine Vicia faba hulls as were reported previously with slight modification [33]. 

In brief, three subsequent processing treatments were followed: (1) pulping with 0.4N NaOH at 140 ºC for 1.5 h, 

(2) delignification using the conventional three-stage method of the sodium chlorite bleaching process, (3) acid 

hydrolysis treatment with 2N H2SO4 under reflux for ½ hour. Each processing step was followed by adequate 

washing with tap water before being squeezed and left wet without drying till the next step. The overall yield of 

the processed material, calculated based on the raw Vicia faba hulls, was 40%. This yield reflects the efficiency 
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of the extraction and purification methods applied while processing the hulls into their constituent component of 

α-cellulose to CMC. 

 

2.2.2. Activation of  cellulose microcrystals (ACMC) 

As opposed to those in the crystalline parts of the biopolymer, which could result in an inhomogeneous 

reaction at the molecular level, the hydroxyl groups on the surface of the fibres or in the amorphous regions of 

the material are more accessible to the reagent. As a result, cellulose typically goes through a pretreatment or 

activation phase before being subjected to a chemical reaction. This approach is used both in the workplace and 

in the lab [34]. For activation of cellulose microcrystals (ACMC), 50 g of CMC, as obtained earlier, was sus-

pended in 200 ml of distilled water, and then 2.5 g of NaOH was added. The mixture was continuously stirred for 

two hours at a controlled temperature of 30 °C to ensure uniform interaction among the components. The resulting 

cellulosic materials were carefully filtered using filter paper to separate them from the reaction medium. To 

achieve purity and neutrality, the materials were thoroughly washed with distilled water until no residual acidity 

or alkalinity remained. The prepared samples were oven-dried at 40 °C for 48 hours. 

 

2.2.3. Fabrication of CMC@Cr2O3 and ACMC@Cr2O3 

 A  dry  weight  of  1.6214 g (0.01M) of CMC or 2.2808 of ACMC was mixed with  2.6645 g (0.01M) of 
CrCl 3.6H2O dissolved in 100 mL  of  methanol  -  distilled  water  solution.  Following this, the mixtures were 
sonicated in an ultrasonic water bath for two hours at 50 °C. The deep  green  CMC@Cr2O3 and  ACMC@Cr2O3 

precipitates were filtered through filter papers and dried for 24 hours at 30 °C.

 

2.3. Characterizations 

• The optical characteristics of the prepared CMC, ACMC, CMC@Cr2O3 and ACMC@Cr2O3 were 

investigated using DRS Spectrophotometer - Jasco V-570, Spectral range from 190 nm to 2500 nm.  

• The FT-IR spectra of the variously produced samples were recorded on a JASCO FT-IR 6100 

spectrometer (Tokyo, Japan). A resolution of 4 cm−1 and 64 scans were used to conduct the measurements 

within the 400-4000 cm−1 range . 

• A Malvern Panalytical Empyrean X-ray diffractometer from the Netherlands was used to investigate the 

XRD patterns of the materials in their as-prepared state. The instrument has an incident monochromatic 

X-ray angle ranging from 5° to 80°  . 

• An electron scanning electron microscope, specifically a Quanta FEG-250 from Waltham, MA, USA, 

operating at a voltage of 20 kV, was employed to visualize and analyze components in dry samples using 

energy-dispersive X-ray spectroscopy (EDAX).   

• A differential scanning calorimeter (SDTQ600 V20.9 Build 20) was used to study thermogravimetric 

and derivative thermogravimetric studies (TGA and DTG, respectively). Measurements were made in an 

inert nitrogen atmosphere within a temperature range of 25 to 750 °C. The testing rate was 10 °C/minute.  

• All magnetic measurements were conducted at room temperature using a vibrating sample magnetometer 

(VSM) from Lake Shore, USA (model VSM-7410) with a maximum applied field of 20 kG. 

 

3. Results & Discussion 

3.1. Comparative study of the extracted CMC 

 Some specific properties of the extracted CMC from Vicia faba hulls were established through the studied 

different techniques and were listed in Table 1. These specific properties are further compared with that of CMC 

isolated from a variety of sources in addition to the commercial one [35–39]. Table 1 displays the cellulose con- 
tent, ash content, crystalline properties, and thermal resistance of CMC extracted from Vicia faba hulls in compa- 

rison with that of other sources, and commercial CMCs. It is clear from the table that  the  crystallinity  in dex  of 

CMC in the present work was promising than all of the CMCs reported. In fact, the present work confirms the �im- 

portance   of  cellulose  extraction  from Vicia faba hulls and  could be substituted instead  CMC- commercial  in 

variable applications.
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Table 1: Comparison of CMC extracted from Vicia faba hulls with different sources 

Sources 

Parameters under study 

References Yield 

(%) 

Cellulose 

content 

(%) 

Ash 

(%) 

Crystallinity 

Index 

(%) 

Crystallite 

size 

(nm) 

Thermal 

resistance 

(°C) 

Vicia faba hulls 40.00 51.23 3.35 82.50 22.97 225 Present study 

Tamarindus indica seeds 44.15 90.57 0.92 77.60 --- 230 [39] 

Borassus flabellifer flower 59.00 73.20 0.40 69.81 70.73 320 [38] 

Citrus x sinensis 67.82 70.00 --- 72.54 9.63 308 [37] 

S. spontaneum 83.00 83.33 0.72 74.06 --- 338 [36] 

Myriophyllum verticila-

tum 
45.43 65.72 --- 68.84 --- 317.32 [35] 

CMC- commercial --- 98.59 0.05 74-80.60  220-300 [39] 

 

3.2. Infrared spectroscopy 

FT-IR analysis was used to investigate the chemical configurations of the functional groups in every sam-

ple. The FT-IR spectra clearly show the absorption trends of the samples at several frequency (wavenumber) 

ranges [40]. Table 2 provides a detailed summary of the fabricated samples' FTIR spectral band allocations. It is 

evident from Fig. 1 and Table 2 that the wavenumber and intensity of the characteristic bands shift when NaOH 

activates CMC.  As a result, a blue shift of peak frequencies occurs as their intensities decrease. Conversely, 
CMC@Cr2O3 and ACMC@Cr2O3   , a shift in intensity and frequency occurs, and new bands also form. 

For example, the peak at 3416 and 3417 cm–1 in CMC and ACMC, respectively, corresponding to the stretching 

vibration of the –OH intramolecular hydrogen bonds went to a lower frequency when decorated with Cr 2O3.   
Moreover, the appearance of a Cr-O vibration peak at 561 and 560 cm–1 confirms that Cr2O3 has been deposited 

on the surface of CMC and ACMC, respectively [41]. The differences in peak positions and intensities between 

the compounds CMC@Cr2O3 and ACMC@Cr2O3 indicate the variations in how the Cr metal is bonded to each 

nanocomposite . The Cr-O bond is typically observed in the 550 to 650 cm-1  range  of  the  FTIR  spectrum [42].
However, in this study, the range can vary slightly depending on the compound and its environment.  

 

Table 2: Main FT-IR spectral vibrations (cm–1) for the prepared samples 

Band assignment 
Band position (cm-1) 

References 
CMC ACMC CMC@Cr2O3 ACMC@Cr2O3 

–OH stretching intramolecular hydrogen bonds. 3416 3417 3398 3403 [43] 

CH stretching, CH2 asymmetric stretching. 2899 2913 2902 2914 [44] 

OH of water absorbed from cellulose. 1641 1636 1643 1644 [45] 

C–H in plane deformation. 1442 1444 1431 1430 [46] 

CH symmetric bending methoxyle group, CH 

deformation vibration or CH2 vibration. 
1371 1372 1371 1371 [47] 

CH2 wagging. 1162 1162 1163 1163 [47] 

Ring asymmetric stretching, C–C & C–O 

stretching. 
1114 1114 1116 1115 [48] 

C–O stretching. 1057 1057 1058 1058 [48] 

C–H out of plane in position in ring stretching 

in cellulose due to β–linkage. 
895 898 998 897 [49,50] 

υ M-O. -- -- 561 610 [42] 

 

Table 3: XRD data of 2-theta, d-space, FWHN, particle size (D), micro strain (ε), stacking fault (SF),  dislocation 

density (δ), and crystallinity index (CrI) 

Compound 
Angle 

(2Ɵ°) 

d 

(Ǻ) 

FWHM 

(°) 

D 

(nm) 
ε SF 

δ 

(nm-2) 

CrI 

(%) 

CMC 22.78 3.90 1.32 22.97 28.13X10-3 11.38X10-3 1.93X10-3 82.50 

ACMC 22.61 3.93 1.57 33.77 49.83X10-3 14.91 X10-3 1.97X10-3 79.40 

CMC@Cr2O3 22.46 3.96 0.80 26.74 15.72X10-3 6.46 X10-3 1.98X10-3 60.29 

ACMC@Cr2O3 22.60 3.93 0.81 30.51 13.64X10-3 5.73X10-3 1.96X10-3 76.78 
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Figure 1: FTIR spectroscopy for fabricated materials under investigation. 

 

3.3. X-ray diffraction  

An X-ray diffraction examination was conducted to analyze the structure and get the diffractograms of 

various cellulose and CMC samples and their corresponding Cr2O3 frameworks.  Following Segal's equation     [51],
the  crystalline  indices  of  CMC,  ACMC, and their Cr2O3  framework  samples were calculated using various 

diffractograms.   

𝐶𝑟𝐼% =
𝐼200 − 𝐼𝑎𝑚𝑝

𝐼200 

× 100 

where CrI is the crystallinity index, I200 is the maximum intensity of the 200 peak at 2θ=22° and Iam is the 

intensity at 2θ=18°. Figure 2 displays XRD patterns of CMC and ACMC templates, both with and without the 

presence of Cr2O3. CMC and ACMC align closely with CI polymorphism. XRD examination showed no peaks 

for elemental Cr or crystalline Cr2O3, suggesting that the Cr2O3 is amorphous since amorphous materials lack 

long-range order, which is why they do not produce distinct peaks in an XRD pattern. This can be related to the 

fact that in previous studies, crystallized Cr2O3 was created by annealing the solvothermal product over 400 °C, 

in contrast to the 50 °C temperature at which the sono-co-precipitation process in this study occurs [52,53]. 

The size of the crystallites in the samples was determined using the Scherrer formula, L(hkl) = 0.9 k/ 

D(hkl)cosθ, which calculates the size based on the (002) diffraction lines from cellulose [54,55]. The calculated 

sizes are provided in Table 2. In the presence of Cr2O3, the average size of CMC/(CMC@Cr2O3) is 22.97/26.74 

nm, unlike the corresponding ACMC (33.77 nm) and ACMC@Cr2O3 (30.51 nm). This implies that the bonding 

of CMC or ACMC to Cr2O3 promotes the transformation of primary cellulose crystallographic structure to a 

certain degree. 

Based on the estimated crystallites size, the dislocation density was calculated in addition to micro strain (ε), and 

stacking fault (SF) as important structural parameters and summarized in Table 3 [56]. The higher value of (δ) for the synthe-

sized CMC@Cr2O3 than ACMC@Cr2O3 indicates the presence of imperfections in the crystal structure, furthermore, the 

significantly higher (ε), and (SF) values observed in CMC@Cr2O3 confirm the presence of more substantial crystal imperfec-

tions or structural disorder. This is agreed with the lower value of crystallinity index. 
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 Figure 2: X-ray diffraction patterns for fabricated materials under investigation. 

 

3.4. Optical analysis 

Figure 3 shows the results of recording the UV-Vis absorbance spectra of neat CMC and ACMC and their 

respective hybrid Cr2O3 nanoparticles to evaluate their optical characteristics. Three prominent absorbance peaks 

are visible in the collected spectra of hybrid Cr2O3. Cellulose organic functional groups are linked to the 208 and 

246 nm absorbance spectra [57]. It can be seen that the primary cellulose structure in CMC was affected by both 

the alkali activation and the Cr2O3 in situ procedures, as these bands shifted to 202; 210 and 258; 246 in the 

corresponding ACMC and CMC@Cr2O3, respectively. 

Two sub bands, eg and t2g, form in the Cr 3d3 orbitals as a result of the octahedral field symmetry. The 4A2g 

→ 4T1g and 4A2g ↔ 4T2g electronic transitions of Cr3+ ions are represented by the absorbance peaks at 426;430 

and 592;592 nm, respectively. Furthermore, at 692 and 736 nm, two faint shoulders can be seen, resulting from 

the forbidden spin transitions of 4A2g→2T1g and 4A2g → 2Eg, respectively. The bands can be explained by the 

existence of Cr6+ ions linked to bulk Cr2O3 nanoparticles [58]. 

The Kubelka-Munk function was used to determine the optical band gap (Eg) of CMC@Cr2O3 and 

ACMC@Cr2O3. The claimed standard value is around 3.1 eV, while the absorption spectra of CMC@Cr 2O3 and 

ACMC@Cr2O3 at 426 and 430 nm are associated with band gap transitions at about 3.66 and 3.36 eV. Generally, 

after alkali activating CMC, the band gap of the fabricated Cr2O3 hybrids drops from 3.66 eV to 3.36 eV. It is 

possible that vacancies cause impurity levels to build between the prohibited bands, which in turn cause redshift 

to occur. Redshift is partly caused by holes and oxygen-related defects created by Na+ cations in the Cr3+ lattice 

site [59,60]. Further, the band-gap energy range (3.66-3.36 eV) of CMC@Cr2O3 and ACMC@Cr2O3 is in accord-

ance with the energy gap (2-4 eV) of wide band-gap semiconductors. Therefore, they are considered as worthy 

contender in lasers, military radars and energy converting systems, and can be employed as efficient semicon-

ductors for developing the new electrical technologies and alternate energy devices [61] 
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Figure 3: UV–vis DRS spectroscopy for fabricated materials under investigation. 

 

3.5. Superficial morphology characteristics of the fabricated samples 

The SEM graphs illustrate the morphology of CMC, ACMC, and chromium analog frame samples. Based 

on the information provided in Figure 4, it is clear that the bleached pulps, when treated with 2N H2SO4, under-

went hydrolysis and formed CMC consisting of small fiber strands that had a rod-like morphology with a length 

of 100.78 μm. The discovered particles display a distinctive morphology, appearing elongated, cylindrical, and 

uniformly sized. No differences were observed among the samples after NaOH alkaline activation. The ACMC 

has an average length of 103.56 μm (Fig. 4). The crystalline fibers have a cylindrical morphology featuring prom-

inent longitudinal striations on one side and a curved configuration with well-defined folds on the opposite side. 

Conversely, the developed CMC@Cr2O3 and ACMC@Cr2O3 frameworks exhibit comparable CMC particles, 

except for the Cr coating on the fiber surface. Whereas ACMC@Cr2O3 manifests as crusts covering the fiber 

surface, CMC@Cr2O3 exhibits distinct Cr2O3 nanoparticles as clusters on the surface of CMC particulates. 

Figures 5 and 6 display the results of the composition analysis of the produced samples and their related 

distribution maps obtained using EDX spectroscopy. The presence of carbon and oxygen peaks can be attributed 

to the binding energies originating from the pristine CMC [62]. Meanwhile, the ACMC experienced an additional 

peak due to the bending energy of sodium, providing evidence of the successful activation of CMC. It is important 

to note that the Na peak persisted in the ACMC@Cr2O3 framework, providing further evidence of effective bond-

ing between Cr and the cellulose matrix through a potential pathway involving partial replacement of Na. The 

presence of Cr peaks in the EDX spectra of both frameworks, CMC@Cr2O3 and ACMC@Cr2O3, confirms the 

effective incorporation of Cr into the CMC and ACMC, respectively . Similarly, the EDX analysis of the produced 

samples reveals a consistent distribution of all identified components, as shown in Figure 6. The Cr atoms were 

evenly dispersed throughout the cellulose polymer matrix, together with C and O. 
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Figure 4: SEM micrographs of fabricated materials under investigation. 
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Figure 5: Mapping micrographs of fabricated materials under investigation. 
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 Figure 6: EDAX analysis of fabricated materials under investigation 

3.6. Thermal analysis 

 The thermal analysis curves acquired for each phase in the breakdown process were used to identify the 

typical thermal characteristics for each reaction step. The TGA thermogram obtained for the fabricated CMC and 

ACMC,  along  with  their  respective  Cr2O3-framework,  is  presented  in  Figure  7.  Generally,  the  decomposition 

curves for CMC and ACMC exhibit a two-step decomposition process, which aligns with previous findings in 

the literature. Furthermore, it is established that the primary phases consisted of  drying at temperatures ranging 

from 40 to 150 °C, followed by the decomposition of organic substances at temperatures between 225 and 350 

°C [63–65]. 

 The dissimilarity in thermal breakdown characteristics and thermal stability between CMC and ACMC 

becomes evident following alkaline (NaOH) treatment and can be attributed to variations in bonding configura- 
tion. The thermogram for CMC and ACMC exhibit two  distinct phases of weight reduction occurring between 

temperatures of 33–377 °C and 33–396 °C, respectively [66]. The initial phase of deterioration takes place within 

the temperature range of 33–112 and 33–138 °C, resulting in a weight reduction of 1.39% for CMC and 1.87% 

for ACMC, respectively. In the second stage, the temperature range for CMC was 259-377°C, whereas for ACMC, 

it was 215–396 °C. The weight loss observed for CMC was 98.73%, but for ACMC, it was 73.03%.  

 Both CMC@Cr2O3 and ACMC@Cr2O3 went through two distinct but related stages of thermal degrada- 
tion. The loss of water molecules between 44 and 158 °C, and between 35 and 164 °C is the  primary  cause of  the 
early breakdown stage, which results in a mass loss of  2.74% and 3.35%,  for CMC@Cr2O3 and ACMC@Cr2O3, 
respectively. In  the  second  stage, which takes  place between 212 and 365 °C, and between 210 and 365 °C, an 

estimated 20.29% and 17.52% mass loss, respectively, occurs. So, this lines up with the idea  of  the   pyrolysis  

of the cellulose analog and the subsequent volatilization of the organic components. When comparing  CMC and  
 ACMC, the  R 700   is   0   and   24.77%,   respectively.  In  the   process  of  creating   the   char   component    and 

impacting  the  thermal  degradation  properties of the  end product, the bound sodium (Na), in  conjunction  with 

ACMC, safeguards the bulk structure of the cellulose fibers. Therefore, the  complete   breakdown of  cellulose and 
the evolution of organic components occurred during the thermal decomposition stage above CMC decomposition 

temperature,  thereby  ending  the  ACMC  thermal  decomposition  process.  After  thermal  degradation  of 

CMC@Cr2O3 and ACMC@Cr2O3, respectively, the residual weight at 700°C is 65.61% and 72.34%, which rep- 

resents the fraction of remaining Cr2O3
 safeguarding the bulk structure of cellulose fiber.  
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At room temperature, the hybrid Cr2O3 structures under investigation remain stable, but as their tempera-

ture increases, they slowly break down. Dehydration and pyrolytic degradation are the two main steps in the 

thermal breakdown of these frameworks. The successive removal of hydrated water molecules is involved in the 

dehydration processes of CMC@Cr2O3 and ACMC@Cr2O3. Following, the cellulose breaks down as a result of 

the organic molecules pyrolytic disintegration. Thermal breakdown produces the organic metallic hybrid residue 

as the final product in the CMC@Cr2O3 and ACMC@Cr2O3 frameworks, which involve only one phase of cellu-

lose partial loss.  

For the second primary degradation stage in the decay process of the examined materials, Table 4 provides 

the data for the thermal and kinetic parameters obtained from the TG and DTG curves. The decay behaviors of 

the key components of the materials being examined, notably cellulose, characterize the temperature range known 

as the active pyrolysis zone, which is of particular interest. In this regard, cellulose is the principal component 

that gives rise to volatile components. To determine the thermodynamic and kinetic parameters for the main stage 

of decomposition, one can apply Coats and Redfern's theory in conjunction with TG analyses and pseudo-first-

order kinetics (Fig. 8). The variables listed in Table 4 include activation energies (Ea), pre-exponential factors 

(A), entropy (∆Sa), Gibbs free energy (∆Ga), and enthalpy (∆Ha) of activation [67]. 

In comparison to their parent CMC and ACMC, CMC@Cr2O3 and ACMC@Cr2O3 exhibited reduced lev-

els of Ea and A. The presence of the Cr2O3 fragment on the cellulose fibers may explain why small amounts of 

energy are needed to initiate the pyrolysis processes. Thus, the activation energy is reduced due to an alteration 

in the pyrolysis reaction pathway caused by Cr2O3 coating the cellulose fibers in CMC and ACMC. Cr2O3 nano-

particles, as an inorganic and non-combustible barrier, can serve a dual purpose in the thermal stability of CMC 

and ACMC composite. They can prevent the CMC and ACMC from being physically combustible by isolating 

them from oxygen and heat. In addition, they have the potential to lessen combustion by altering the chemical 

breakdown route, which could lead to the stabilization of intermediates or the inhibition of the production of 

combustible and volatile byproducts. Consequently, this combined effect is responsible for the composite's ther-

mal stability and the observed drop in activation energy. The same was observed in preceding studies, where 

more thermally stable materials revealed lower activation energy [44,68]. Furthermore, the spontaneity of this 

process is usually measured by the difference in ∆Ga between the energies of the reactant and the activated states. 

As a result, the heat degradation of CMC@Cr2O3, ACMC@Cr2O3, neat CMC, and ACMC, as ∆Ga has (+) values, 

cannot be regarded as a spontaneous process. Commonly, the values of ∆Sa and ∆Ha for thermal processes are (-

) and (+), respectively. The rise in temperature leads to accelerated degradation, as the ∆Ha values suggest an 

endothermic condition between the activated complex and the reactant. In contrast to neat CMC and ACMC, 

where the ∆Sa (+) values indicate more structural freedom, the transition state of CMC@Cr2O3 and 

ACMC@Cr2O3 exhibited less structural freedom, as reflected by the ∆Sa (-) values [69,70].  The data reported 

above clearly demonstrated that the thermal stability of the neat CMC and ACMC was enhanced by Cr 2O3 cov-

ering. Also, like the thermal stability of CMC was increased by alkali activation with NaOH, ACMC@Cr 2O3 

displays thermal improvements than CMC@Cr2O3. 
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Figure 7: TG and DTG analysis of fabricated materials under investigation. 
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Figure 8:  Coats-Redfern plots for the main degradation step of fabricated materials, whereas Log Y= log [log 

(wf/(wf-w))/ T2] 

 

3.7. Magnetic hysteresis analysis 

At room temperature, a vibrating sample magnetometer (VSM) with an applied field of ± 20 kG is utilized 

to evaluate the magnetic properties of CMC@Cr2O3 and ACMC@Cr2O3. Variation of magnetization (μ emu/g) 

with applied magnetic field (G) at room temperature is shown in Fig.9. As can be observed, CMC@Cr 2O3 and 

ACMC@Cr2O3 shows a paramagnetic phase that is not magnetically saturated even at 20 kG applied field [71]. 

Additionally, some parameters can be extracted from the hysteresis loops were listed in Table 5. It is observed 

that, ACMC@Cr2O3 displays lower saturation magnetization (Ms), reduced remanent magnetization (Mr), and 

coercivity (Hci) compared to the CMC@Cr2O3 sample . Activation process of CMC offers significant insights into 

the variations in magnetic properties compared to inactivated matrix . Activation process can change ionic envi-

ronment, chain conformation, and the network's structure result in a diminished overall magnetic response. Ac-

cordingly, particle size and dispersion may vary due to changes to the nucleation and growth processes of Cr 2O3 

(see Figs. 4 & 5). Furthermore, the activation process induced modifications in the polymer matrix hinder the 

formation of larger or more optimally aligned domains, which would explain why the magnetic properties reveal 

the interaction between the magnetic domains. 
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Figure 9: VSM of fabricated CMC@Cr2O3 and ACMC@Cr2O3. 
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Table 5: The magnetic parameters from VSM analysis  

Parameter CMC@Cr2O3 ACMC@Cr2O3 

Saturation Magnetization (Ms) 146.45ꓫ10-3 emu/g 97.48ꓫ10-3 emu/g 

Remanent Magnetization (Mr) -2.74ꓫ10-3 emu/g -1.42ꓫ10-3 emu/g 

Coercivity (Hci) 564.2 G 349.97 G 

S Parameter 4.77ꓫ10-3 1.27ꓫ10-2 

TA (Energy Parameter) 102.06 erg/g 72.33 erg/g 

Magnetic Behavior Paramagnetic Paramagnetic 

 

4. Conclusion 

Collectively, the results show that the characteristics of cellulose-based matrices are drastically changed 

when Cr2O3 is integrated into them. According to XRD results, forming CMC@Cr2O3 and ACMC@Cr2O3 results 

in smaller average crystallite sizes. This suggests that bonding with Cr2O3 promotes a change in the main cellulose 

structure. In ACMC@Cr2O3, the band gap has been red-shifted from 3.66 eV in CMC@Cr2O3 to 3.36 eV, accord-

ing to DRS results. This is most likely due to impurity levels formed within the band gap, likely caused by va-

cancies and defects introduced by Na⁺. 

Despite sharing comparable CMC particle morphologies, scanning electron microscopy (SEM) imaging 

shows that the two composites' surface coatings differ. CMC@Cr2O3 exhibits discrete clusters of Cr2O3 nanopar-

ticles, whereas ACMC@Cr2O3 forms a crust covering the fibers' surfaces. Chromium, carbon, and oxygen are 

evenly distributed throughout the matrix, according to EDX evaluation.  

TGA shows that the Cr2O3 coating improves thermal stability by lowering the activation energy and pre-

exponential factors for pyrolysis. This effect is much more noticeable in the ACMC@Cr 2O3 that has been acti-

vated with alkali. In contrast to CMC@Cr2O3, the nucleation and distribution of Cr2O3 particles are affected by 

the changes in the ionic environment and cellulose biopolymer conformation brought about by the sodium inclu-

sion in ACMC.  

The activation process significantly influenced the nucleation and dispersion of Cr 2O3 nanoparticles, al-

tering cellulose's ionic environment and biopolymer conformation. These changes reduced saturation magnetiza-

tion, remanent magnetization, and coercivity in ACMC@Cr2O3. Interestingly, the higher S value observed in 

ACMC@Cr2O3 may reflect changes in the magnetic domain structure and switching dynamics. While both com-

posites retained their paramagnetic nature, sodium appeared to induce a finer, more heterogeneous microstructure 

with reduced magnetic interactions, further highlighting the role of activation in tailoring composite properties.   
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